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ABSTRACT
P resen t  knowledge in the f i e l d  of  m o lecu la r  d i s t i l l a t i o n  has 
♦
not reached the po in t  where i t  can be a p p l i e d  t o  d e s ig n in g  commercial 
s t i l l s  w i thout  ex te n s iv e  bench and p i l o t  s c a l e  development .  Analys is  
of  the  l i t e r a t u r e  in d ic a te s  t h a t  a d d i t i o n a l  e x p e r im en ta l  d a ta  and 
improved methods of app ly ing  the fundamental laws o f  t r a n s p o r t  phenomena 
to t h i s  problem a re  needed. This r e se a rc h  was conducted,  t h e r e f o r e ,  
for  t h e  purpose of  c o n t r ib u t i n g  to the  ex p e r im e n ta l  and t h e o r e t i c a l  
knowledge in the  f i e l d .
The c e n t r i f u g a l  s t i l l  des ign  was chosen f o r  ex p e r im en ta l  s tudy  
because th e r e  is  a minimum of  q u a n t i t a t i v e  d a t a  pu b l i sh ed  on t h i s  type 
of  equipment,  and because i t s  unique geometry and o p e r a t i n g  c h a r a c t e r ­
i s t i c s  a re  such as to  make i t  most a t t r a c t i v e  f o r  f u t u r e  molecu lar  
d i s t i 1 l a t  i on app1i c a t  io n s .
Mean r a t e s  of  d i s t i l l a t i o n  were measured fo r  f i v e  pure  l i q u id s  
over a range of  temperatures  and feed  r a t e s .  This  exper im en ta l  work 
was performed on a modified  CMS-5 l a b o r a to ry  s t i l l  t h a t  had an e f f e c t i v e  
ev ap o ra t in g  s u r fa ce  a rea  of 100 sq. cm. The e v a p o ra t io n  r a t e s  ob ta ined  
for  l i q u i d s  e x h i b i t i n g  " i d e a l "  l i q u id .p h a s e  b e h a v io r  agreed q u i t e  wel l  
with t h e o r e t i c a l  values  p re d ic t e d  on the b a s i s  of s imple  k i n e t i c  theory  
(Langmuir e q u a t io n ) .  These l i q u id s  were the  normal bu ty l  and i so o c ty l  
e s t e r s  of  p h t h a l i c  and sebac ic  a c id s .  However, in the  c a se  o f  g l y c e r o l ,  
an a s s o c i a t e d  l i q u id ,  r a t e  measurements were only  35 to  90 per  c e n t
• • •
V I  i  I
of the t h e o r e t i c a l  r a t e s .  Although these  low v a lu e s  tend to  suppor t  
the concept of  an "evapora t ion  c o e f f i c i e n t "  as  a t r u e  molecular  p ro p e r ty ,  
th e re  was ev idence  t h a t  su r face  i r r e g u l a r i t i e s  could  have accounted f o r  
a l l  or a t  l e a s t  p a r t  of  the d i sc rep an cy  i n s o f a r  as  the  c e n t r i f u g a l  s t i l l  
i s concerned'.
A mathematical  model of the  c e n t r i f u g a l  s t i l l  has been de r ived  
which a l low s  Langmuir's v a p o r i z a t io n  r a t e  e q u a t io n  t o  r e f l e c t  the  
e f f e c t  of  f l u i d  dynamics and hea t  t r a n s f e r  as th ey  a c t u a l l y  occur  in 
the s t i l l .  This model assumes a t h i n  f i lm  of f l u i d  in v iscous  flow 
with  a f u l l y  developed p r o f i l e ,  bu t  n e g l i g i b l e  normal and t a n g e n t i a l  
v e l o c i t y  components; i t  p o s tu l a t e s  t h a t  h e a t  t r a n s f e r  is  by conduct ion  
only. Thermal g r a d i e n t s ,  fi  lm th i c k n e s s e s ,  and ev a p o ra t io n  r a t e s  
c a l c u l a t e d  from t h i s  mathematical  e x p re s s io n  c o r r e l a t e  w el l  w ith  
repor ted  l i t e r a t u r e  values  as w e l l  as  w i th  the p r e s e n t  d a t a .  I t  is 
concluded t h a t  the model is capab le  o f  q u a n t i t a t i v e l y  e s t i m a t i n g  the 
performance of  the  c e n t r i f u g a l  s t i l l  and o f  p ro v id in g  a sound method 
which q u a l i t a t i v e l y  p r e d i c t s  the  i n f lu e n c e  o f  proposed changes in 
o p e ra t in g  c o n d i t i o n s .
CHAPTER I 
INTRODUCTION
Molecular  d i s t i l l a t i o n  may be def ined  as  d i s t i l l a t i o n  which occurs  
from the  s u r f a c e  o f  a f i lm  of. l i q u id  under an o p e r a t in g  p r e s s u re  such 
t h a t  r e s i d u a l  gas in the  vapor space above the l iq u id  may be cons ide red  
to  have a n e g l i g i b l e  e f f e c t  upon the p rocess .  When a low p r e s s u re  
environment and a nearby condensing su r face  a r e  p rov ided ,  e scap in g  
molecules  have a r e l a t i v e l y  unobs truc ted  pa th  o f  t r a v e l  between the  
e v a p o ra t in g  and condensing s u r f a c e s .  Since the  d i s t a n c e  s e p a r a t i n g  
th e se  s u r f a c e s  is  o f  the  o rde r  of  magnitude of  the  mean f r e e  path  of 
the v a p o r iz in g  molecules  in the r e s id u a l  gas ,  m olecu la r  d i s t i l l a t i o n  
has been termed, " s h o r t - p a t h " ,  or  " u n o b s t ru c te d -p a th " ,  d i s t i l l a t i o n .
g
As Burrows d e s c r ib e s  t h i s  process  i t  can be f u r t h e r  c a t a g o r i z e d  
by comparison w i th  the two more conven t iona l  types  of d i s t i l l a t i o n :
(a) D i s t i l l a t i o n  by b o i l i n g  -  Vapor i s  genera ted  th roughou t  the  
l i q u i d  a t  a r a t e  which is  p ro p o r t io n a l  t o  the  h ea t  f lu x ;  the  t o t a l  
p r e s s u r e  a c t i n g  on the  system is  the thermodynamic vapor p r e s s u re  of  
the l i q u i d  phase.
( b ) , Evapora t ive  d i s t i . l l a t i o n  -  Evaporat ion which o ccu rs  from a 
l i q u i d  below i t s  b o i l i n g  p o in t  a t  a r a t e  which i s  a f u n c t io n  of  the  
s u r f a c e  tem pera ture  and of  the vapor c o n d i t io n s  above the  s u r f a c e  
such as  occurs  in a i r  dry ing  of s o l i d s ,  h u m id i f i c a t io n  and s i m i l a r  
p ro c e s s e s .
(c) M olecula r  d i s t i l l a t i o n  -  A form o f  ev a p o ra t iv e  d i s t i l l a t i o n  
in which th e  r a t e  is  governed s o l e l y  by the  a b s o lu te  r a t e  of m o lecu la r  
escape  from the l i q u i d  s u r fa c e :  t h a t  i s ,  un l ik e  the f i r s t  two, t h e r e
is  e s s e n t i a l l y  no r e t u r n  of  molecules  from the gas to the  l i q u i d ,  
and the  t em p era tu re  and co r respond ing  escap ing  r a t e s  a t t a i n e d  by the  
l i q u i d  a r e  de termined by the  heat  in p u t ,  and a r e  unaf fec ted  by the vapor 
space  c o n d i t i o n s .  I t  can a l s o  occur  a t  tempera tures  h igher  than  the  
b o i l i n g  p o i n t  co r respond ing  to  the  vapor space p r e s s u re .  Th e re fo re ,  
molecu lar  d i s t i l l a t i o n  occurs  a t  the  maximum p o s s ib l e  r a t e  o f  v a p o r i ­
z a t i o n  s i n c e  the vapor molecules  reach  th e  condenser  unhindered .  I t  
d i f f e r s  from e b u l l i e n t  e v ap o ra t io n  because  n e i t h e r  b o i l i n g  p o i n t  nor  
bubble  . fo rm at ion  i s  a f a c t o r ,  and from e v a p o r a t iv e  d i s t i l l a t i o n  by the 
f a c t  t h a t  i t  occurs  whenever a tem pera tu re  d i f f e r e n c e  e x i s t s  between 
th e  e v a p o r a t in g  and condensing s u r f a c e s ,  and is  independent o f  the 
vapor phase c o n d i t i o n s  excep t  t h a t  the p r e s s u re  must be very  low.
Thus m o lec u la r  d i s t i l l a t i o n ,  because i t  r e p re s e n t s  a means of 
v a p o r i z a t i o n  a t  low p r e s s u re s  and c o r re sp o n d in g ly  low tem pera tu re s ,  f inds  
u t i l i t y  in the  s e p a r a t i o n  and p u r i f i c a t i o n  of h igh  molecular  weight  
and th e rm a l ly  s e n s i t i v e  m a t e r i a l s ,  the  v o l a t i l i t i e s  o f  which a r e  too 
low fo r  d i s t i l l a t i o n  to  occur a t  p r a c t i c a l  r a t e s  in c onven t iona l  e q u ip ­
ment.
The th e o ry  and methods of  app ly ing  m olecu la r  d i s t i l l a t i o n  to  the 
s e p a r a t i o n  and p u r i f i c a t i o n  o f  v a r ious  m a t e r i a l s  have been i n v e s t i g a t e d  
and r e p o r t e d  by many r e se a r c h e r s  over  the  p as t  s ev e ra l  decades .  From
po
the  e a r l i e s t  e f f o r t s  of  Langmuir J who p r e d i c t e d  the e v a p o ra t io n  r a t e s  
from metal s u r f a c e s  under high vacuum, m olecu la r  d i s t i l l a t i o n  advanced 
through l a b o r a t o r y  s tu d i e s  in which Bronsted and Hevesy p u r i f i e d
mercury and Burch o b ta in e d  l i q u i d  f r a c t i o n s  from p rev ious ly  undis-  
t i l i a b l e  pe tro leum re s id u e s  (now known as  Apiezon o i l s ) .  Most of  t h i s  
e a r l y  work was done on a ba tch  s c a l e  in v a r io u s  p o t - ty p e ,  s h o r t - p a t h  
s t i 11s .
The f i r s t  commercial a p p l i c a t i o n  of  m olecu la r  d i s t i l l a t i o n  appeared
l 6in the e a r l y  1930 's  when Hickman u t i l i z e d  a g l a s s  f a l l i n g - f i l m . s t i 11 
f o r  the p roduc t ion  of  v i t am in s  from f i s h  l i v e r  o i l s .  Improvements on 
t h i s  o r i g i n a l  des ign  con t inued  through the 19^0 's ;  during t h i s  pe r iod  
the  main emphasis was on sp read ing  th e  d i s t i l l a n d  in to  a t h i n  f i lm  and 
reducing  the  thermal hazard  (high tem pera tu re  exposure time) for  hea t  
s e n s i t i v e  m a t e r i a l s .  By the l a t e  19^0 's  two d i s t i n c t  commercial 
des igns  had been e s t a b l i s h e d .  F i r s t  was the  wiped-f i lm s t i l l ;  t h i s  
evolved as an e x t e n s io n  of  the o r i g i n a l  des ign  which used r o t a t i n g  
wiper  b lades  to  spread  the f a l l i n g  d i s t i l l a n d  i n t o  a th in  f i lm .  The 
second was based on c e n t r i f u g a l  f o rce ;  t h i s  des ign  employs a r a p id ly  
r o t a t i n g  cone a c ro ss  which th e  d i s t i l l a n d  flows in an ever in c reas in g  
s u r f a c e  a rea  under the  a c t i o n  o f  the  induced high g r a v i t a t i o n a l  fo rce .  
Today, both s t i l l  types  a r e  a v a i l a b l e  in s i z e s  ranging from the throughputs  
of  le ss  than one l i t e r  per  hour to  l a rg e  s c a l e  u n i t s  which can handle 
s e v e ra l  hundred or  more g a l lo n s  per  hour.
U n fo r tu n a te ly ,  l i t t l e  improvement on the b a s ic  design o f  these  
s t i l l s  has o ccu r red  s in c e  the  l a r g e s t  u n i t s  became a v a i l a b l e  about 19^9. 
Perhaps the two most importan t  f a c t o r s  r e sp o n s ib le  fo r  the i n e r t i a  which 
occurred  in t h i s  a rea  a r e  the  high c a p i t a l  and opera t ing  c o s t s  involved 
w ith  t h i s  equipment on the  one hand, and th e  i n a b i l i t y  of users  to  
p r e d i c t  performance w i th o u t  e x t e n s iv e  p i l o t i n g  on the o th e r .  This l a t t e r  
f a c t  i n d i c a t e s  t h a t  b a s i c  knowledge o f  the  fundamental mechanisms o f
h e a t ,  mass, and momentum t r a n s p o r t  u nder ly fng  the  phenomena has not 
been used in d e s c r ib in g  t h i s  p ro c e ss .
However, because the c u r r e n t  t rends  in the  chemical  and p e t r o ­
chemical i n d u s t r i e s  involve more high m olecu la r  weight  and the rm a l ly
s e n s i t i v e  m a t e r i a l s ,  renewed i n t e r e s t  in t h i s  a r e a  i s  tak in g  p lace .
18Also, in the new and v i t a l  f i e l d  o f  water  d e s a l i n i z a t i o n ,  Hickman 
with  h i s  vapor compression s t i l l  has endeavored to  adap t  the c e n t r i f u g a l
s t i l l  des ign  to  the  p roduc t ion  o f  p o ta b le  w a te r .  Among o t h e r s ,  the
7
mathematical  ana lyses  o f  the e v a p o ra t io n  c o e f f i c i e n t  by Burrows' in
15195^ a nd by Heideger and Boudart in 1961 as  w e l l  as  the mathemat ical 
t re a tm e n t  o f  heat  t r a n s f e r  accorded  Hickman's compression s t i l l  by 
BromleyJ in 1958, a re  c l e a r  ev idence  t h a t  t h i s  s t a g n a t i o n  i s  being 
overcome. ;
Despi te the number of  t h e o r e t i c a l  and e x p e r im en ta l  r e sea rch  papers
8 T5pub l ished  over the years  and d e s p i t e  the compendiums a v a i l a b l e ,  
l i t t l e  e f f o r t  has been d i r e c t e d  to  da te  toward e v a l u a t i n g  q u a n t i t a t i v e l y  
the  v a r i a b l e s  which d e sc r ib e  high vacuum, m o lecu la r  d i s t i l l a t i o n .  
Therefore ,  in view of con t inued  i n t e r e s t  in t h i s  f i e l d ,  i t  i s  f e l t  t h a t  
a renewed a t t a c k  along exper im en ta l  and t h e o r e t i c a l  l i n e s  would be of 
s i g n i f i c a n t  va lue  in a id in g  in the u n d e r s tan d in g  o f  m o lecu la r  d i s t i l l a -  
t i o n  in o rder  t h a t  i t  may take i t s  p lace  among th e  more conven t iona l  
m u l t i -p h ase  mass t r a n s f e r  o p e r a t i o n s .
I t  was the purpose of  t h i s  i n v e s t i g a t i o n  to  supplement e x i s t i n g  
knowledge in the f i e l d  by p ro v id in g  a m athem at ica l  and exper imenta l  
s tudy  of  the c e n t r i f u g a l  molecu lar  s t i l l .  The c e n t r i f u g a l  s t i l l  was 
chosen for  t h i s  work because th e re  a r e  r e l a t i v e l y  l i t t l e  pub l ished  da ta  
o f  a q u a n t i t a t i v e  na tu re  e i t h e r  ex p e r im en ta l  o r  mathematical  on t h i s
des ign  and because i t  involves  new and unique a p p l i c a t i o n s  o f  b a s ic  
t h e o r y . .
S p e c i f i c a l l y ,  the  exper im enta l  phase o f  the  s tu d y  was des igned  
to  o b t a in  mean d i s t i l l a t i o n  r a t e  d a ta  a t  s e v e r a l  feed r a t e s  and tem­
p e r a t u r e s  fo r  a v a r i e t y  of  pure su b s tan ces  not  a l l  o f  which e x h i b i t  
id e a l  l i q u i d  phase behav io r .  A mathematica l  model was developed in
which the eq u a t io n s  o f  hea t  and momentum f lu x  were r e l a t e d  t o  such
*
param eters  as  f i lm  th ic k n e s s ,  v e l o c i t y ,  e v a p o r a t io n  r a t e  and temperatu
i
g r a d i e n t ,  thus  p rov id ing  a b a s i s  o f  i n t e r p r e t i n g  and c o r r e l a t i n g  the 
exper im en ta l  r e s u l t s .
CHAPTER II 
THEORY
1. T h e o r e t i c a l  Rate o f  V apor iza t ion
I f  a reg ion  o f  l i q u i d  s u r f a c e  could  be examined on a m i c r o - s c a l e  
such t h a t  the  i n t e r f a c i a l  dynamics were observab le ,  theory  su g g e s t s  
t h a t  the  e v a p o ra t io n  p rocess  would be found t o  take  p lace  by way of  
the  fo l lo w in g  i n t e r r e l a t e d  phenomena:
(a) The movement o f  condensed phase molecules  on and benea th  the  
s u r f a c e ,  g e n e r a t in g  a c o n s t a n t l y  changing su r f a c e  s t r u c t u r e ,
(b) The emergence o f  e n e r g e t i c  molecules  from the  s u r f a c e  i n t o  
the  vapor  space;  they  would leave the  su r face  a t  a l l  p o s s i b l e  a n g le s  o f  
e scap e ,  t h a t  i s ,  in any d i r e c t i o n  w i th in  the  e n c lo s in g  hemisphere.
(c) C o l l i s i o n s  among the  vapor space molecules  t h a t  cause  many 
t r a j e c t o r y  r e v e r s a l s  and momentum exchanges.
(d) Bombardment of  the l i q u i d  su r face  by r e tu rn in g  m olecu les ;  
some o f  those  s t r i k i n g  the  s u r f a c e  remain ( i . e .  they  condense) ,  w h i le  
o t h e r s  rebound in to  th e  vapor .
Although t h i s  i s  an o v e r s im p l i f i e d  p i c t u r e  o f  the v a p o r i z a t i o n
p ro c e s s ,  i t  p rov ide s  q u a l i t a t i v e  i n s i g h t  i n to  the r e l a t i v e  in f lu e n c e
of  the  i n d iv id u a l  phases .  For example, the r a t e  o f  v a p o r i z a t i o n  would
be a maximum i f  the  vapor space were c o n t in u a l ly  swept f r e e  o f  mole-
8c u le s  as  f a s t  as  they appeared .  Burrows d e f in e s  the  " r a t e  o f  v a p o r i ­
z a t i o n "  as  the  a b s o lu t e  r a t e  a t  which molecules escape  from the  l i q u i d .
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Poin ts  a and b i n d i c a t e  t h a t  t h i s  r a t e  is s o l e l y  a f u n c t io n  o f  the«
m olecu la r  s p e c i e s  and o f  the  energy  d i s t r i b u t i o n  on t h e  s u r f a c e .• I
This  t h e o r e t i c a l  r a t e  o f  v a p o r i z a t io n  has been c a l c u l a t e d  r i g o r o u s l y
( l )  a t  e q u i l i b r i u m ,  the  number of  molecules  e n t e r i n g  and leaving  the 
l i q u i d  phase per  u n i t  t ime a r e  e q u a l ,  and (2 ) i n t e r a c t i o n s  among th ese  
molecules  a r e  n o n - e x i s t e n t .  The former r a t e  i s  analogous to  the r a t e  
of  m o lecu la r  e f f l u x  of  a Maxwellian s tream under  iso therm al  c o n d i t i o n s .
E s s e n t i a l l y ,  t h i s  development involves  the  d e te rm in a t io n  of  the  
number o f  m o lecu le s ,  e m i t t ed  from a volume element BV in the vapor 
space ,  which a r e  d i r e c t e d  toward a u n i t  s u r f a c e  Bs o f  the  l i q u i d .  By 
assuming a Maxwellian v e l o c i t y  d i s t r i b u t i o n ,  a s  would be t ru e  under 
e q u i l i b r iu m  c o n d i t i o n s ,  and a l lo w in g  fo r  the  f a c t  t h a t  a d i s t r i b u t i o n  
of  f r e e  p a th s  e x i s t ,  the  number o f  molecules  s t r i k i n g  a u n i t  a r e a ,  in 
u n i t  t ime i s  o b ta in ed  by i n t e g r a t i n g  over a l l  v e l o c i t y  space ,  and 
is  g iven  by the ex p re s s io n :
Here N r e p r e s e n t s  the  number d e n s i t y  of  molecules  in  the vapor space 
and v is  the  mean m olecu la r  speed.  Equation (2-1) i s  obv ious ly  the
h indrance  e f f e c t s  a t  the  l i q u i d  s u r f a c e .  The mass r a t e  o f  v a p o r i z a t i o n ,  
w, i s  o b ta in e d  by in t ro d u c in g  the molecular  mass, m, and the  d e n s i t y ,  
p,  i n t o  Eq. (2 -1 ) ,  thus:
20 2^from k i n e t i c  theo ry  c o n s id e r a t i o n s  '  based on the assumption t h a t ,
\|f = jj— , m o le c u le s / t im e -a re a (2- 1)
a b s o lu t e  r a t e  of  condensa t ion  or  v a p o r i z a t io n  in the  absence of  m o lecu la r
( 2 - 2 )
o
The " i d e a l  gas"  e q u a t io n  o f  s t a t e  (2~3a) can be used t o  e l i m i n a t e  
the d e n s i t y  and an a p p r o p r i a t e  e x p re s s io n  (2~3b) can be s u b s t i t u t e d  
for  t h e  mean speed:
p = MP/RT ,  (2 -3a)
v =(8 RT/*M) 1/2  ,  (2-3b)
thus:
> w = P(M/2*RT) 1 /2  (2-3c)
is t h e  a b s o lu t e  r a t e  o f  v a p o r i z a t io n  from a l iqu id  s u r f a c e .  Equation 
(2~3c) was o r i g i n a l l y  employed by Langmuir2^ in h is  vapor p r e s s u re
s tu d i e s  of  tu n g s te n  f i l a m e n t s .  I f  the thermodynamic vapor p r e s s u r e  P
is e x p re ss ed  in mm Hg and the  a b s o lu t e  temperature  in degrees  Kelv in ,
Eq* (2" 3C) may be w r i t t e n :
w = .0583P(M/T) 1 /2  . { 2- k)
I t  i s  i n t e r e s t i n g  to  no te  t h a t  Eq. (2~b) ,  which expresses  the  t h e o r e t i ­
ca l  r a t e  o f  v a p o r i z a t i o n ,  i n d i c a t e s  t h a t  molecular  d i s t i l l a t i o n  i s  a 
f u n c t io n  o f  the m olecu la r  s p e c ie  and the su r face  tem pera tu re ,  and hence 
is a s u r f a c e  phenomena, as was p re v io u s ly  p o s tu l a t e d .
I f  the c o n d i t i o n s  in the  vapor above an evapora t ion  s u r f a c e  a r e  
such t h a t  an a p p r e c i a b l e  number o f  molecular  c o l l i s i o n s  occur ,  th e  
p r o b a b i l i t y  i s  t h a t  some of  the vapor ized  molecules  w i l l  be r e tu rn e d  
to  th e  l i q u i d ;  th u s  th e  ne t  r a t e  o f  v ap o r iza t io n  w i l l  be somewhat l e s s  
than th e  v a lue  o b ta in e d  from Eq. (2 -^ ) .  Furthermore,  of those  m olecu les  
th a t  succeed in e sc a p in g  from th e  e vapora t ing  su r face  some w i l l  un­
doubted ly  be c a r r i e d  o u t  w ith  the  vacuum system so th a t  an even l e s s e r
number w i l l  a c t u a l l y  r each  the condensing s u r f a c e .  I t  is a l s o  reason­
ab le  to  expec t  t h a t  in t h e  p rocess  o f  condensa t ion  some re -e v a p o ra t io n  
w i l l  occur so  t h a t  the  n e t  r a t e  of  d i s t i l l a t i o n  i s  the  a c tu a l  r a t e  o f  
d i s t i l l a t e  c o l l e c t i o n .
In view of  t h i s  d i s c u s s i o n  i t  i s  apparen t  t h a t  the  Langmuir 
equa t ion  p rov ides  a l i m i t i n g  v a lue  f o r  the  r a t e  o f  molecular  d i s t i l l a ­
t io n ,  but  t h a t  i t  must be c o r r e c t e d  to  account  f o r  th e  losses  des­
c r ibed  above. Defin ing  an  e f f i c i e n c y  c o e f f i c i e n t  as :
a  _ _ r a t e  of  d i s t i l l a t e  c o l l e c t i o n  (2- 5 )
wg a b s o l u t e  r a t e  o f  v a p o r iz a t io n  *
the  modified Langmuir Eq. (2-4)  becomes:
w = .0583aP(M/T) 1 /2  . (2- 6 )
Thus in summary, t h e  fo rego ing  d i sc u s s io n  su g g es t s  t h a t  th e re  a re  
th re e  r a t e s  o f  e v a p o r a t i o n  which a r e  o f  s i g n i f i c a n c e  in molecular  
d i s t i l l a t i o n  s t u d i e s :  t h e  Langmuir or a b s o lu te  r a t e  o f  v a p o r iz a t io n
as p r e d ic te d  by Eq. ( 2 - 4 ) ,  th e  net  r a t e  o f  e v a p o ra t io n  which r e f l e c t s  
the e f f e c t  o f  m olecu la r  i n t e r a c t i o n s  a t  the  e v a p o ra t in g  s u r f a c e ,  and 
f i n a l l y  the r a t e  o f  d i s t i l l a t i o n  which i s  the  a c t u a l  r a t e  o f  d i s t i l l a t e  
recovery  a t  the  condens ing  s u r f a c e .  From the p r a c t i c a l  v iewpoint ,  the 
l a s t  o f  the t h r e e  r a t e s  seems t o  be p r im a r i ly  a fu n c t io n  of  des ign  and 
o p e ra t io n  r a t h e r  than  o f  theo ry .  That i s ,  pumping lo sses  can be 
minimized by m a in ta in in g  the condensing su r f a c e  c lo s e  and in d i r e c t  
l i n e  with  t h e  e v a p o r a t o r ,  w h i le  r e -e v a p o ra t io n  lo sses  from th e  condenser  
can be c o n t r o l l e d  by a j u d i c i o u s  cho ice  o f  o p e ra t in g  p r e s s u re  and 
condensing t em p era tu re .  Under th e se  optimum des ign  and o p e ra t in g  
c o n d i t i o n s ,  the  n e t  r a t e  of  d i s t i l l a t i o n  i s  e s s e n t i a l l y  equal  t o  the
ne t  r a t e  o f  e v a p o r a t io n  and the  e f f i c i e n c y  c o e f f i c i e n t  may be r e ­
def ined  as :
_ n e t  r a t e  o f  e v a p o r a t io n  ( 0- 7 )
a b s o lu t e  r a t e  o f  v a p o r i z a t i o n
Thus " a " ,  termed the  e v a p o ra t io n  c o e f f i c i e n t ,  has a l t e r n a t i v e l y  been
c a l l e d  the  condensa t ion  c o e f f i c i e n t  o r  the accommodation c o e f f i c i e n t .
22A c tu a l ly ,  the l a t t e r  term was o r i g i n a l l y  used by Knudsen to  c h a r a c t e r i z e  
energy exchanges  between vapor  and condensed phases;  i t s  use in t h i s  
con n ec t io n  would on ly  cause  co n fu s io n  and, t h e r e f o r e ,  only the f i r s t  
d e f i n i t i o n  w i l l  be used in t h i s  t h e s i s .  A comparison o f  Eqs. (2- 5 ) 
and (2- 7 ) i n d i c a t e s  t h a t  the  e f f i c i e n c y  c o e f f i c i e n t  de f ined  by the 
former e q u a t io n  and the  e v a p o r a t io n  c o e f f i c i e n t  a r e  num er ica l ly  equ iva­
l e n t  q u a n t i t i e s  only i f  the  n e t  e v a p o ra t io n  and d i s t i l l a t e  recovery  
r a t e s  a r e  i d e n t i c a l .
2. Si gni f i c a n c e  o f  the  Evapora t ion  C o e f f i c i e n t
The p h y s ic a l  s i g n i f i c a n c e  o f  th e  e v a p o r a t io n  c o e f f i c i e n t  has been 
the s u b je c t  o f  many t h e o r e t i c a l  and expe r im en ta l  s tu d i e s  over the 
p a s t  y e a r s .  In the  bu lk  o f  t h i s  r e se a rc h  numerous a t t em p ts  have been 
made to  e v a l u a t e  the  e v a p o r a t io n  c o e f f i c i e n t  as  a r e a l  molecu lar  pro­
p e r ty .  Although t h e r e  i s  some exper im en ta l  ev idence  t h a t  t h i s  may be 
t r u e ,  on ly  moderate t h e o r e t i c a l  p ro g re s s  has been made thus f a r .  Of 
i n t e r e s t  in t h i s  d i r e c t i o n ,  however,  a r e  the  s t a t i s t i c a l  mechanical
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t h e o r i e s  of Polanyi and Wigner and Neumann, the a b s o lu te  r a t e  
theory  o f  P e n n e r , ^  and the  f r e e  a n g le  r a t i o  p o s tu l a t e d  by W y l l i e . ^  
Polanyi and Wigner, by assuming the  s u r f a c e  to  be composed of  
molecules  o s c i l l a t i n g  about  t h e i r  e q u i l i b r i u m  p o s i t i o n s  in an i s o t r o p i c
manner, were ab le  to  compute the e v a p o r a t io n  p r o b a b i l i t y  of a s u r f a c e  
molecule  as :
f  “  l/e"X/kT . (2- 8a)
Here X is  the energy o f  s u r f a c e  b in d in g ,  V i s  the harmonic f requency 
o f  o s c i l l a t i o n ,  and f  is  t h e  e v a p o r a t io n  p r o b a b i l i t y  per  molecule  
per  second, in t h i s  equ a t io n  i t  was assumed t h a t  any energy f l u c t u a t i o n  
g r e a t e r  than X leads t o  e v a p o r a t io n .  Because th e  r e s u l t s  from Eq.
(2- 8a) genera ted  low p r o b a b i l i t y  v a l u e s ,  a c o r r e c t i o n  f o r  molecu lar  
i n t e r a c t i o n s  was made. I f  a  p h y s ic a l  model f o r  t h i s  c a l c u l a t i o n  is  
taken to  be an a r r a y  of  o s c i l l a t i n g  p o i n t  masses ,  the  e v a p o ra t io n  
p r o b a b i l i t y  f a c to r  i s  desc r ib ed  by Eq. (2 -8b ) .
f  ~  e ' X/kT (2- 8b)
Subsequent s i m p l i f i c a t i o n  and  rearrangem ent  y i e l d s  a va lue  o f  the  
e v a p o ra t io n  c o e f f i c i e n t :
X/N
a = ,,2.2 ■mV d
(2-9)
where N is  Avagadro 's  number and d i s  th e  mean molecu lar  d iam eter .
A comparison of  exper im enta l  v a lu es  w i th  those  c a l c u l a t e d  from 
Eq. (2-9) is  p resen ted  in Table  I fo r  v a r i o u s  compounds. I t  can be 
seen t h a t  agreement i s  g e n e r a l ly  f a i r  t o  poor .
The approach used by Neumann was leased on a un ique ly  determined 
m olecu lar  su r face  s t a t e  desc r ibed ,  by th e  Maxwellian energy d i s t r i b u t i o n  
f u n c t io n  f ( v ) ,  and the  sp ia t ia l  d i s t r i b u t i o n  f u n c t io n ,  p ( d ) ,  o f  molecular  
c e n t e r s  o f  g r a v i ty .  By a s s o c i a t i n g  a p o t e n t i a l  energy e(d)  w ith  a 
p e r t u r b a t i o n  d ( x ,y , z )  about the  e q u i l i b r i u m  p o in t  f o r  any molecule ,  and
TABLE I
Experimental  and Est imated Evapora t ion  C o e f f i c i e n t s
Compound
Evapora t ion  _
C o e f f i c i e n t  . ,Angle
Exp‘ l E q . (2-9) R a t io
Temp.
(°c) Ref.
Benzene 0 .90 O.O78 O.85 6 36
Carbon T e t r a c h lo r id e 1.0 O.79 1.0 0 1, 36
Chloroform 0.16 0 .086 0.5*4
-*4
2 36
Dibutyl  P h th a la te 1.0 O.O52 ~ 7x l 0 20 2
Diethyl  Adi pate O . I 77 0 . 5*4 O.O5 0 33
Di (2-E thy lhexy l )  P h th a la t e 1.0 0.0*42 ~ 6x l 0 ^ 100 19
Di (2-Ethylhexyl)  Sebacate 1.0 0.0*40 ~5 x l 0"7 136 19
Ethanol 0.02*4 0 .20 0.018 12-15 5
Glycerol 0 .05 0 .0 6 0.0*46 19 15
Glycerol 1.0 0 .0 6 0.0*46 18-70 3*4
Methanol 0.0*45 0 .3 0 0.0*48 0 36
Water 0.0*42 O.O33 0.0*4 0 11 ■
Water 0 .027 O.O33 0.0*4 *43 11
Water •35-1*0 O.O33 0.0*4 7-50 . 25
by d e f in in g  the p e r ip h e ry  of  the  sphere  o f  i n f l u e n c e  in terms of th e  
energy o f  v ap o r iz a t io n  as  e(dQ) = X, one can e x p re s s  the  e v a p o ra t io n  
p r o b a b i l i t y  a t  the  s u r f a c e  as :
00
f  = a) J* p(dQ) f ( v )d v  . (2-10a)
o
Upon i n t e g r a t i o n  over th e  e n t i r e  sphere  of a t t r a c t i o n  t h i s  y i e ld s




The i n t e g r a l  in Eq. (2-11) r e p re s e n t s  th e  volume c o n t r i b u t i o n  to  the
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p a r t i t i o n  fu nc t ion  of the  condensed phase .  Knacke and S t ransk i  
have demonstrated t h a t ,  fo r  id ea l  behav io r  in  the vapor phase,  Eq.
t
(2— 10b) reduces to  Eq. (2 -2 ) ,  which i n f e r s  t h a t  t h e  ev a p o ra t io n  co­
e f f i c i e n t  approaches u n i ty .  They have f u r t h e r  i n d i c a t e d  t h a t  Eq. (2-10b) 
reduces t o  Polanyi and Wigner 's  Eq. (2 - 8b) f o r  the  s p e c i a l  c a se  when:
c(d) = 2Jt2V2m d 2 , (2- l 2a)
and
-X/kT
" ”p (d „ ) = r r  • (8' i a , )
A
As was the case with Polanyi and W igner 's  Eq. (2 -9 ) ,  o n ly  f a i r  agreement 
between theory  and exper iment was o b ta in ed .
0>T pQ
Also of i n t e r e s t  a r e  th e  t h e o r e t i c a l  developments  by Penner '* 
who cons ide red  the problem f i r s t  from th e  v iewpoin t  o f  c l a s s i c a l  
chemical  k i n e t i c s  by t r e a t i n g  e v a p o ra t io n  as  a un im olecu la r  p ro cess ,  
and l a t e r  from the  s ta n d p o in t  of  n o n -equ i l ib r iu rn  a b s o lu t e  r e a c t io n  r a te s ,  
in the former case  an e vapora t ion  r a t e  was d e f in e d  as :
w = j  p / N * ^  , m ass / t im e -a r e a  . (2- 13)
Here p i s  the  mass d e n s i t y  o f  the e v a p o r a t in g  su b s tan ce ,  N is the
m olecu la r  d e n s i ty ,  and the r a t e  c o n s t a n t ,  j  , i s  d e s c r ib e d  by the©
e x p ress io n :
j e = Be"X/kT . (2-14)
By r e l a t i n g  the  frequency f a c t o r  B to  th e  a c t i v a t i o n  energy of  the  
e v a p o ra t in g  m olecules ,  based on a f r e e  volume model d e s c r i p t i o n  of 
the  l i q u i d  s t a t e ,  the fo l lowing  e q u a t io n  was o b ta in e d  fo r  the evapora­
t i o n  r a t e :
w = ( # ) 1/ a (— eT7o) e ' X/kT . (2-15)
K Vf N
Good agreement  has been r ep o r ted  f o r  th e  e v a p o r a t io n  r a t e s  p r e d ic t e d
by t h i s  equ a t io n  and by Langmuir 's Eq. (2 -3 c ) ,  fo r  s e v e ra l  non-po la r ,
20u n a s so c ia t e d  l iq u id s  such as  CCl^, CHCl^* and CgHg. In t h i s  a n a ly s i s  
th e  a c t i v a t e d  s t a t e  was desc r ib ed  p h y s i c a l l y  in terms of  a t r a n s i t i o n  
p lane  in which g a s - l i k e  molecules  moved f r e e l y  between th e  condensed 
and vapor phases.
Based on a more genera l  a p p l i c a t i o n  of  t h i s  theo ry ,  Penner con­
cluded t h a t  the  implied assumption o f  e q u i l i b r iu m  between the  normal and
a c t i v a t e d  s t a t e s  led to  an e x c e s s i v e l y  long energy b a r r i e r  and thus 
r e j e c t e d  the e q u i l i b r i u m  concept  on the  b a s i s  t h a t  the  f r e e  volume 
model was inadequate .  To accoun t  f o r  n o n - id e a 1i t y  in the  l i q u i d  s t a t e ,  
he rede f ined  the  r a t e  c o n s t a n t  in terms o f  th e  p a r t i t i o n  fu n c t io n s  
and an accommodation c o e f f i c i e n t  K.
j e = < > f * ' X/kT (2-16)
The complete p a r t i t i o n  fu n c t io n  i s  g iven  by Q, f o r  the  l i q u id  s t a t e ,  
and by Q. fo r  the  a c t i v a t e d  s t a t e .  By s u b s t i t u t i o n  o f  Eq. (2-16) 
i n to  Eq. (2-13) an<J us ing  s u i t a b l e  t r a n s f o rm a t io n s  the  r e s u l t i n g  
e q u a t io n  can be shown t o  be analogous to  the Langmuir e q u a t io n  with the 
excepti .on t h a t  the  accommodation c o e f f i c i e n t  K re p la c e s  the  evapora t ion  
c o e f f i c i e n t .  Agreement between th e o ry  and exper iment  f o r  pure  l iq u id s  
w ith  s p h e r i c a l  fo rce  f i e l d s  (K w 1) was found to  be g e n e r a l ly  good.
The r e s u l t i n g  e x p re s s io n  is  g iven  below:
w = ™(sZa)WS ■ I*-1?)
I t  was recognized  t h a t  Eq. (2-17)  had t o  be modif ied  in order  to
account fo r  a s s o c i a t i o n  and s t e r i c  e f f e c t s  in the l i q u i d  phase. The
modifying f a c t o r  f o r  l i q u i d s , w i t h  h indered  r o t a t i o n  was suggested  by
21Kincaid and Eyring t o  be the  r a t i o  o f  the  r o t a t i o n a l  p a r t i t i o n  fu n c t io n  
in the  l iq u id  to  t h a t  in the  gas . This  r a t i o  has become known as the  
f r e e  ang le  r a t i o .  Thus Eq. (2- I 7 ) w i th  the  i n t r o d u c t i o n  o f  the  f r e e  
ang le  r a t i o  <p, is  w r i t t e n  as :
W ^ KP( S k T ) 1 /2  ’ l2- ‘8)
W y l l i e ^  was the f i r s t  t o  i d e n t i f y  the  e v a p o r a t io n  c o e f f i c i e n t  with  
the f re e  angle r a t i o .  He o b ta in ed  c o n f i rm a t io n  f o r  s e v e ra l  p o la r  
l i q u i d s ;  in o th e r  ca se s ,  however,  agreement i s  poor as i s  in d ic a te d  
in Table I .
From the preceeding d i s c u s s io n ,  i t  i s  a p p a re n t  t h a t ,  a l though  
s t ro n g  exper im enta l  evidence has been r e p o r t e d  to  s u b s t a n t i a t e  the 
p o s tu l a t e d  evapora t ion  c o e f f i c i e n t ,  t h e r e  i s  as  y e t  no adequate  theory  
in suppor t  of  such f in d in g s .  The s t a t i s t i c a l  mechanical ,  k i n e t i c ,  
and a b s o lu te  r a t e  t h e o r i e s  t h a t  have been thus  f a r  advanced s t i l l  leave 
unanswered a number, of  fundamental  q u e s t i o n s .  Such e f f e c t s  as  vapor 
phase i n t e r a c t i o n s ,  su r f a c e  energy d i s t r i b u t i o n s ,  m olecu lar  o r i e n t a t i o n  
s t e r i c ,  and su r f a c e  s t r u c t u r e  c o n s i d e r a t i o n s ,  as w e l l , a s  the  range,  
magnitude,  and d i s t r i b u t i o n  of  s u r f a c e  f o r c e s  t o  name j u s t  a few, a r e  
s t i l l  r e l a t i v e l y  unexplored f a c t o r s  in  the  p r e s e n t  t h e o r e t i c a l  models.
CHAPTER III  
EXPERIMENTAL WORK
1. The C e n t r i fu g a l  Molecular  S t i 11
The c e n t r i f u g a l  s t i l l  used in the  ex p e r im en ta l  phase o f  t h i s  
i n v e s t i g a t i o n  is  a modif ied  v e r s io n  o f  t h e  CMS-5> manufactured by 
th e  Consol idated  Vacuum C orpora t ion ,  R oches te r ,  New York. This s t i l l  
i s  a l a b o ra to ry  s i z e ,  s e l f - c o n t a i n e d ,  ba tch  (or  semi-cont inuous)  u n i t  
w i th  a charge c a p a c i t y  of app rox im ate ly  1500 cc .  I t  c o n s i s t s  of a 
cone shaped e v a p o ra t in g  s u r f a c e  which r o t a t e s  in a v e r t i c a l  p lane ,  
a s s o c i a t e d  feed ,  d i s t i l l a t e ,  and d i s t i l l a n d  r e c e i v e r s ,  and a u x i l i a r y  
vacuum and h ea t in g  equipment,  and t h e i r  c o n t r o l s .  The main p o r t i o n  of 
t h e  appa ra tus  is  suspended beneath  a h o r i z o n t a l  base  p l a t e  which sup­
p o r t s  the primary d r iv e  mechanism and th e  g l a s s  b e l l  j a r  e n c lo s u re .
The base p l a t e  a l s o  c o n ta in s  the  vacuum manifold  and a l l  o th e r  connec­
t i o n s  to  the  en c lo sed  working p a r t s .  The b e l l  j a r  p rov ides  a condensing 
s u r f a c e  fac in g  the c o n ic a l  r o to r  and in a d d i t i o n  se rv es  as  a r e s e r v o i r  
f o r  the feed l i q u i d  cha rge .  The pho tographs ,  F igs .  1, 2, 3> ^ and 5, 
i l l u s t r a t e  the p h y s ic a l  s e tu p .  Table  II p rov ides  a d d i t i o n a l  in formation  
on the  c h a r a c t e r i s t i c s  and o p e r a t in g  f e a t u r e s  o f  the s t i l l .  S p e c i f i c  
d e t a i l s  o f  the s t i l l  c o n s t r u c t i o n  and o p e r a t i o n  a r e  a v a i l a b l e  in the  
CVC i n s t r u c t i o n  and equipment b u l l e t i n s  bo th  o f  w h ic h 'a re  o b t a in a b le
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Figure 1. C e n t r i fu g a l  S t i l l  -  Front  View
Figure  2. Bel l  J a r  and Receiver
Figure 3 . C e n t r i fu g a l  S t i l l  -  Rear View
Figure k .  D i f fu s io n  Pump System
Figure 5* Bell  J a r  and C a l i b r a t e d  Receiver
TABLE 11
C en t r i fu g a l  S t i l l  -  C h a r a c t e r i s t i c s  and Operat ing  Features
Rotor
Rotor Feed Tube 
Rotor Gutter  
Feed Pump Housing 
Feed Pump Gears 
Feed Pump Shaf t  
Rotor Outside Diameter 
Rotor Center F la t^  
Rotor S lan t  Height 
Rotor Face Angle 
D i s t i 11ing Area 
Rotor Speed 
Rotor Heat Input 
Throughput 
Charge
Aluminum, No. 108 Alloy 
Spun Aluminum 
30*t S t a i n l e s s  
Meehanite,  Type "G.E."  
S te e l
D r i l l  Rod S te e l  
k 1 /2  inches 
7/8  i nches 
2 i nches 
15°
100 sq.cm. (E f fe c t iv e )  
I65O-I675 rpm 
500 Watts (Maximum) 
IO-35  cc/min 
100-1500 cc
’fThere i s  an a d d i t i o n a l  1/8 inch f l a t  on p e r ip h e ry .  
*^The c e n te r  dimple i s  3 /8  inch in  d iam eter .
^ 1* 8 *̂5from the  manufac turer  as  w e l l  as  from o th e r  publ ished  sou rces .
2. Modi f i c a t  ion of  the Ori qi na l  S t i 11
In order  to  adap t  the o r i g i n a l  equipment fo r  the exper im enta l  r a t e  
s tu d i e s  in t h i s  re sea rch  s e v e r a l  des ign  changes were made.
(a) A d i s t i l l a t e  r e c e i v e r  was f a b r i c a t e d  from a con ica l  bottom 
c e n t r i f u g e  tube .  The tube, graduated  in  0.1 cc i n t e r v a l s  through the  
f i r s t  10 cc and 1.0  cc i n t e r v a l s  up t o  kO cc ,  was f i t t e d  with clamp 
type g la ss  vacuum j o i n t s ,  0- r i n g  sea led  top and bottom, with a s top 
cock in the d i s ch a rg e  l i n e .  The r e c e i v e r  was a t t a c h e d  to  the 3_way 
s top  cock on the b e l l  j a r  condenser  a t  the top  and to  the feed r e s e r v o i r  
a t  the bottom where a matching connec t ion  had been prev ious ly  welded to  
the b e l l  j a r  r e s e r v o i r .  With t h i s  arrangement  d i s t i l l a t e  could be 
e i t h e r  r e tu rned  d i r e c t l y  t o  the  feed r e s e r v o i r  or shunted through the  
c a l i b r a t e d  r e c e iv e r  fo r  r a t e  measurements and then re turned t o  the 
r e s e r v o i r .  A p re s s u re  b leed  to  the top of th e  r e c e iv e r  was used  to 
f a c i l i t a t e  d ra in ag e .  The photographs in F igs .  1 and 5 show the  
d i s t i l l a t e  r e c e i v e r  a t t a c h e d  in p lace  on the  b e l l  j a r .
(b) The vacuum pumping c a p a c i ty  o f  the system was increased  by
the a d d i t i o n  of a second two s t a g e ,  g l a s s ,  o i l  di f f u s i o n - e j e c t o r  pump,
+
type GB-25* The two pumps were i n s t a l l e d  in p a r a l l e l  in the vapor l i n e  
between the mechanical  forepump and th e  s t i l l .  The pump h e a t e r s ,  
however, were s e r i e s  connected and o p e ra ted  from a s in g l e  v a r i a b l e  a u to -
Vc
I n s t r u c t io n  B u l l e t i n  35"A, Conso l ida ted  Vacuum Corporat ion ,  
Rochester ,  New York.
t* B u l l e t i n  3~1, Conso l ida ted  Vacuum Corpora t ion .
+
This pump is  i d e n t i c a l  t o  the  o r i g i n a l  and was supp l ied  by 
Consol idated  Vacuum C orpora t ion .
t ransfo rm er .  This  added pumping c a p a b i l i t y  minimized vacuum losses  
from the numerous g l a s s  and tube  s e a l s  and connec to rs  throughout the 
system. In o rd e r  t o  e l i m i n a t e  co n tam ina t ion  of  the pump f l u i d ,  cold 
t r a p s  were added to  th e  vacuum m anifo ld ;  one was upstream o f  the  d i f ­
fu s io n  pumps (between the s t i l l  and th e  pumps) and the  o th e r  was 
downstream (between the  d i f f u s i o n  pumps and the  forepump).
(c) The s ta n d a rd  CMS-5 s t i l l  has no p r o v is io n  f o r  p r e -h e a t  t r e a t ­
ment of the e n t e r i n g  feed .  Consequently ,  in any o p e ra t io n  whereby a 
co ld  feed is  in t ro d u ced  to  th e  e v a p o ra to r  cone some o f  the  hea t  input 
must be s e n s i b l e  r a t h e r  than l a t e n t  h e a t .  This r e p re s e n t s  an evapo­
r a t i n g  c a p a c i ty  loss  which i s  u n d e s i r a b l e  a l though  not c r i t i c a l  from a 
produc t ion  s t a n d p o in t ;  however, in t h i s  s tudy  i t  was importaiit to  main­
t a i n  isothermal  c o n d i t i o n s  on th e  cone su r f a c e  i n so fa r  as was p o s s ib l e .  
Therefo re ,  a ho t  o i l  hea t  exchanger  was i n s t a l l e d  on the f ee d  l in e .  The 
d isch a rg e  l i n e  from th e  pump, an i n t e g r a l  p a r t  o f  the  pump s h a f t ,  was 
extended up through the  base  p l a t e  t o  the p r e h e a t e r  and back again  to  
the  feed p o s i t i o n  a t  the  r o t o r  hub. The connec t ions  through the  base­
p l a t e  were s t e e l  welded f i t t i n g s  and the  tub ing  was aluminum. The 
h e a t  t r a n s f e r  o i l ,  a s i l i c o n e  f lu id ,*  was c i r c u l a t e d  by means o f  a 
l a b o r a to ry  a i r -m o to r  from a t h e r m o s t a t i c a l l y - c o n t r o l l e d  ba th  which was 
hea ted  by a .5  KW r e s i s t a n c e  immersion h e a t e r .  A b i m e t a l l i c  c a l i b r a t e d  
d i a l  type th e rm o s ta t  was used t o  c o n t r o l  the  b a th  tempera ture .
3 . C a l ib r a t i o n  Procedures  and P h y s ica l  Measurements
(a) Vacuum measurement: While i t  would have been d e s i r a b l e  to
o b ta in  a measurement of  th e  a b s o lu t e  p r e s s u re  in the  working space
Dow 55O S i l i c o n e  F lu id
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between the e v a p o ra t in g  and condensing  s u r f a c e s ,  the  lo c a t io n  of  a 
p r e s s u re  sens ing  dev ice  in t h i s  reg ion  on the p r e s e n t  equipment is 
q u i t e  im p rac t ic a l  (from a d e s ig n  s t a n d p o i n t ) .  In o rd e r  to  o b ta in  a 
f a i r  e s t i m a t e  o f  the working space  p r e s s u r e  t h e r e f o r e ,  two vacuum 
gauges were used,  one upstream and the  o t h e r  downstream o f  the ev ap o ra to r .  
The upstream gauge, lo ca ted  in  the branch l i n e  t h a t  tapped in to  the 
b e l l  j a r  envelope through the base p l a t e ,  was the Pi rani (ho t-w ire )  
type gauge su p p l ied  by the  s t i l l  m an u fac tu re r .  I t  i s  a dual  s c a l e  
ins t rument  having a high s e n s i t i v i t y  range t h a t  ex tends  to  1.0  micron
o f  mercury a b s o lu t e  p r e s s u re .  The second gauge, an Alphatron (NCR-
•k
515B), was i n s t a l l e d  in a s h o r t  l i n e  j u s t  o f f  the  main mainfold  about 
two inches downstream from the  b a s e p l a t e .  This  ins t rument  i s  a l s o  
graduated in 1.0  micron i n t e r v a l s  and r ead ab le  t o  0 .1  microns in the 
1-10 micron range. Since th e se  p r e s s u r e  s en so r s  b racke ted  the ev a p o ra to r ,  
an a r i t h m e t i c  average  o f  the two was taken  to  r e p re s e n t  an e s t im a te  of  
the  working space p r e s s u re .
The gauges were c a l i b r a t e d  by comparing t h e i r  read ings  s im ul taneous ly  
w ith  a McLeod gauge which i s  a s t a n d a rd  r e f e r e n c e  vacuum measuring 
ins t rum ent .  In t h i s  p rocedure  the  b e l l  j a r  was i s o l a t e d  from the  system 
by blanking  o f f  the vacuum manifo ld  a t  the  base  p l a t e  and rep la c in g  
the  downstream cold  t r a p  by a s p e c i a l  manifo ld  t h a t  provided connect ions  
fo r  the two gauges and the s t a n d a rd .  With the  system thus  i s o l a t e d  
the  pumps were capable  of  producing  and m a in ta in in g  an a b s o lu te  p re s su re  
of  about  0.1 micron a b s o lu t e  p r e s s u r e .  A smal l  d r y - a i r  b leed  was i n t r o ­
duced in to  the system to  s e t  t h e  p r e s s u r e  a t  a d e s i r e d  v a lu e .  Each
A complete d e s c r i p t i o n  o f  vacuum measuring ins t rum ents  may be 
ob ta ined  from Dushman. See Ref.  13*
ins t rument  was a d ju s t e d  a t  a p r e s s u r e  s e t t i n g  o f  5 microns and t e s t e d
a t  10 and 1 microns ,  r e s p e c t i v e l y ,  a g a i n s t  the McLeod s tan d a rd .  I t  was
found t h a t  both  gauges gave r e l i a b l e  read ings  in t h i s  range and r a r e l y
was th e re  any n o t i c e a b l e  d r i f t  a l th o u g h  the  ins t rum ents  were checked
f r e q u e n t l y  in the  e a r l y  s t a g e s  o f  the exper im en ta l  work.
(b) Temperature measurement: The measurement and c o n t r o l  of the
main d i s t i l l i n g  l i q u i d  tem pera tu re  was a major concern in t h i s  e x p e r i -
*
mental s tudy .  The s t i l l  i s  normally  equipped w i th  a s i n g l e  i ron- 
c o n s ta n ta n  thermocouple lo c a te d  in a groove on the  r e a r  face  o f  the 
rim a t  the  p e r ip h e ry  o f  the  cone. The d i s t i H a n d  re s id u e  flows a c ro s s  
t h i s  probe be fo re  e n t e r i n g  th e  s t a t i o n a r y  g u t t e r  surround ing  the cone. 
Published r e p o r t s  fo r  t h i s  type  o f  i n s t a l l a t i o n  in d i c a t e d  t h a t  readings  
w i th in  s e v e ra l  degrees  o f  the  t r u e  f i lm  tem pera tu re  were to  be ex­
pected .  3^*35 | n o rde r  t o  c a l i b r a t e  t h i s  thermocouple , a t e s t  thermocouple 
was c o n s t ru c te d  from No. 32, g l a s s  wool shea thed  i r o n -c o n s ta n ta n  w ire s .
The beaded t i p  was about  .10  mm in d iam ete r .  Severa l  rough t e s t s  were 
made a t  ambient p r e s s u re s  and tem pera tu res  up t o  139°  C us ing  a b u ty l  
p h th a l a t e  feed.  In th e se  pr im ary  t e s t s  the  feed tem pera tu re  was s e t  
a t  a chosen value  and the probe was moved from p o i n t - t o - p o i n t  ac ro ss  
the r o to r .  In a lmost a l l  c a ses  th e  probe tem pera ture  read ing  was 
s l i g h t l y  h igher  than e i t h e r  the feed o r  r e s id u e  tem pera tu res  by about 
o n e -h a l f  degree cen teg rad e  o r  l e s s .  The d i f f e r e n c e  between the l a t t e r  
va lues  never v a r i e d  by more than  1.0°C. The r e s id u e  tempera ture  was 
e s t im a ted  to  the n e a r e s t  h a l f  degree .  The high read ings  r e g i s t e r e d  by 
the t e s t  probe were t h e r e f o r e  a t t r i b u t e d  t o  f r i c t i o n a l  energy d i s s i p a t i o n  
e f f e c t s  o f  the d i s t i l l a n d  a g a i n s t  the  probe.  I t  should  be mentioned th a t  
the r e s id u e  probe was p r o p e r ly  p o s i t i o n e d  in i t s  groove according
to  the procedure  desc r ibed  in the  CVC I n s t r u c t i o n  B u l l e t i n  No. 35"A, 
p r i o r  t o  t e s t i n g .
To a s c e r t a i n  the e f f e c t  o f  h igh  e v a p o r a t io n  r a t e s  on the  re s idue  
tem pera ture  probe the above t e s t i n g  p rocedure  was rep ea ted  a f t e r  f i r s t  
p o s i t i o n i n g  the  t e s t  probe on the  r o t o r  and then pumping the system 
down to  the normal o p e r a t i n g  p r e s s u r e .  The thermocouple leads  were 
connected to  te rm in a l s  on th e  b a s e p l a t e .  I t  was found t h a t  tempera ture  
d i f f e r e n c e s  between th e  t e s t  probe and the  r e s id u e  probe never exceeded 
1.0°C, averag ing  about  0.6°C. Based on t h e s e  r e s u l t s  i t  was concluded 
t h a t  maximum temperature  d i f f e r e n c e s  between the  feed and r e s id u e  were 
1.0°C a t  the h ighes t  ev a p o ra t io n  r a t e s  and g e n e r a l ly  lower a t  modest 
feed tem pera tures .  T h e re fo re  d u r in g  any run when the  p r e h e a t e r  and 
r o to r  h ea te r  were a d ju s t e d  so  t h a t  the  feed  and r e s id u e  thermocouples 
agreed to  w i th in  0 . 1°C the change o f  th e  mean f i lm  tem pera tu re  across  
the r o to r  was assumed to  be l e s s  than  1.0°C.
(c) Feed Pump C a l i b r a t i o n :  The feed pump, a c o n s ta n t  volume,
vane- type ,  r o ta ry  pump o p e ra te s  t o t a l l y  submerged in the  b e l l  j a r  
r e s e r v o i r  w e l l .  The hollow d r iv e  s h a f t ,  which se rv es  as  the  d ischa rge  
l i n e ,  extends  v e r t i c a l l y  to  a r o t a r y  s h a f t  s e a l  in the  b a s e p la t e .  I t  
i s  coupled to  the main s h a f t  by means o f  gear  t r a n sm is s io n .  The feed 
pumping r a t e  i s  determined by the  s i z e  o f  th e  spur  gear  in th e  t r a n s ­
m iss ion .  The speed o f  the pump can be changed q u i t e  r e a d i l y  by manually 
d isengaging  the  spur and worm g ea rs  and r e p l a c i n g  the  former. A 
choice  o f  fou r  gears i s  avai lab le- :  80, $ 0 , k0 , and 30 t e e th .
With the  i n s t a l l a t i o n  o f  the  p r e h e a t e r  as  d e s c r ib e d  p re v io u s ly  
in s e c t io n  2 ( c ) ,  the a d d i t i o n a l  f l u i d  f r i c t i o n a l  lo s s e s  reduced the  
maximum feed r a t e  by a f a c t o r  of  two o r  t h r e e .  The pump was c a l i b r a t e d
using  a s e r i e s  of g ly c e r o l -w a te r  s o lu t i o n s  with  v i s c o s i t i e s  cover ing  
the range from 2 to  400 c e n t i p o i s e s .  The c a l i b r a t i o n  t e s t  p rocedure ,  
performed a t  ambient c o n d i t i o n s ,  c o n s i s t e d  of submerging the pump in a 
1 l i t e r  beaker  of the t e s t  m ix tu re ,  engaging th e  t r a n sm iss io n  and 
r e c y c l in g  the  mixture  fo r  s e v e r a l  minutes  u n t i l  s te a d y  flow was ob ta ined .  
The s o f t  aluminum tube which fed  the  r o to r  was ben t  s l i g h t l y  and a 
s h o r t  leng th  o f  p l a s t i c  tub ing  a t t a c h e d  so  t h a t  th e  d isch a rg ed  f l u i d  
could be d i r e c t e d  back to  the feed  beaker .  For each gear  the  r a t e  of  
c o l l e c t i o n  o f  f iv e  50 cc samples was measured and averaged.  Reproduci­
b i l i t y  of  th e se  runs was e x c e l l e n t ;  a l l  measurements were w el l  w i th in  
1 %  o f  the  mean. The v i s c o s i t y  of  each t e s t  m ix tu re  was checked 
w i th  a B rookf ie ld ,  model LVT v isco m ete r  b e fo re  and a f t e r  th e  s e r i e s  of 
runs.  The v i s c o s i t y  v a r i e d  by about  2~3 9b  f ° r the  more v iscous  s o lu t i o n s ,
being g e n e r a l l y  less  v isco u s  a f t e r  the  t e s t .  This  v a r i a t i o n  was a t t r i ­
buted to  energy  d i s s i p a t i o n  as h ea t  due to  f r i c t i o n a l  e f f e c t s .  The 
a r i t h m e t i c  average of  the  two read ings  was taken to  be the mean value .
The r e s u l t s  o f  th e se  t e s t s  a r e  p l o t t e d  in Fig. 6 as volume r a t e  
vs v i s c o s i t y  fo r  the f i r s t  t h re e  spur  gears  (30 , 40, 50 t e e t h ) .  The 
r a t e s  a t t a i n a b l e  with the  80 t e e t h  gear  were so low as  t o  be im p rac t ica l  
fo r  t h i s  s tudy .  The p e c u l i a r  shape o f  th e se  curves  is  ex p la in ed  by
the  theory  t h a t  the d ec re a s in g  r a t e  a t  low v i s c o s i t i e s  is  due to  low
pump e f f i c i e n c y ,  but  a t  h igher  v i s c o s i t i e s  the  v o lu m e t r ic  pump e f f i c i e n c y  
in c reases  s u f f i c i e n t l y  t o  o v e r r i d e  the  f r i c t i o n a l  lo s s e s ;  hence the 
r a t e  i n c r e a se s  a cco rd ing ly  a t  h ig h e r  v a lu e s  of  v i s c o s i t y .
4. Test  M a te r ia l s
The compounds chosen f o r  s tu d y  in the  expe r im en ta l  phase of  t h i s  
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(3) di-'n—b u ty l  s eb a ca te ;  (4) di (2- e t h y l  hexyl)  p h t h a l a t e ;  (5 ) di
(2 -e th y l  hexyl)  s eb ac a te .  Glycerol  was o f  s p e c i a l  i n t e r e s t  because i t s  
‘ *
v isco u s  o i l y  n a tu re  and i t s  n o n - id ea l  l i q u i d  phase behav io r  provided 
a wide range o f  t r a n s p o r t  param eters  fo r  s tu d y .  In a d d i t i o n  a number 
o f  p rev ious  i n v e s t i g a t o r s  have r epo r ted  e xpe r im en ta l  e v a p o ra t io n  c o e f f i ­
c i e n t  measurements (see Table I I ) .  The o th e r  m a t e r i a l s  were s e l e c t e d  
because they have been the s u b je c t  o f  e a r l i e r  m olecu la r  d i s t i l l a t i o n  
s t u d i e s  and t h e r e f o r e  o f f e r  a b a s i s  fo r  comparison between t h i s  and 
p rev ious  work in  the a r e a .  These chemicals  were o b ta in e d  from the  
fo l low ing  sources :
(a) Glycerol  -  F ischer  C e r t i f i e d  Reagent,  F ischer  S c i e n t i f i c
Company, Fair lawn,  New Je rse y ;  p u r i t y ,  99*4%; vapor p r e s s u re  d a ta ,
15Heideger and Boudart ; o th e r  p h y s ic a l  p r o p e r t i e s :  The Merck Index,
7 th  e d . ,  ( I960) ,  and Handbook o f  Chemistry and Physics ,  40 th  e d . ,  
(1958-9) .
(b) D i-n -bu ty l  p h t h a l a t e  -  Char les  P f i z e r  and Company, I n c . ,  
Brooklyn, New York; p u r i t y ,  99*0 %  (min .) ;  vapor p r e s s u re  d a ta ,
Werner*; o th e r  p h y s ic a l  p r o p e r t i e s :  Data Sheet  No. 567 , Morflex 140,
Char les  P f i z e r  and Company, I n c . ,  Dibuty l  P h t h a l a t e  B u l l e t i n ,  B a r r e t t  
D iv i s io n ,  A l l i e d  Chemical and Dye C o rpora t ion ,  and P hys ica l  P r o p e r t i e s  
S y n th e t i c  Organic Chemicals,  1964 e d i t i o n ,  Union Carbide Corporat i’on, 
Chemicals Division.-
(c) Di (2- e t h y l  hexyl)  p h t h a l a t e  -  Char les  P f i z e r  and Company, Inc. 
Brooklyn, New York; p u r i t y ,  99*0 °/b (min . ) ;  vapor p r e s s u re  d a t a ,  Werner,
A. C. Werner,  "Vapor P re ssu re  o f  P h t h a l a t e  E s t e r s , "  I n d u s t r i a l  
and Engineer ing  Chemistry, XLIV (1952), 2736-2740.
jC
Perry ,  and Weber ; o th e r  p h y s ica l  p r o p e r t i e s :  Data Sheet  No. 567 ,
Morflex 110, Charles  P f i z e r  and Company, I n c . , " E l a s t e x "  28-P P l a s t i c i z e r  
B u l l e t i n ,  P l a s t i c  and Coal Chemicals D iv i s io n ,  A l l i e d  Chemical and Dye 
Corpora t ion ,  P h th a l i c  Anhydride, 1961 e d i t i o n ,  P l a s t i c s  D iv is ion ,
A l l i e d  Chemical and Dye Corpora t ion .
(d) Di (2- e t h y l  hexyl)  s e b a c a te  -  Char les  P f i z e r  and Company,
In c . ,  Brooklyn, New York; p u r i t y ,  99.0  °A> (m in . ) ;  vapor  p r e s s u re  d a ta ,
$
Perry  and Weber ; o th e r  p h y s ic a l  da ta :  Data Sheet  No. 556, Morflex 
210, Charles  P f i z e r  and Company, Inc.
(e) D i -n -bu ty l  sebaca te  -  Charles  P f i z e r . a n d  Company, I n c . ,
Brooklyn, New York; p u r i t y ,  99*0 °/o (m in . ) ;  vapor  p r e s s u r e  d a ta ,
Perry  and Weber ; o th e r  p h y s ic a l  p r o p e r t i e s :  Data Sheet No. 556 ,
Morflex 2^0, Char les  P f i z e r  and Company, Inc.
5 . Sample P re p a ra t io n  and Experimental Procedure
Because a c c u r a t e  r a t e  measurements were th e  pr imary  goal of  t h i s
«
exper im en ta l  i n v e s t i g a t i o n ,  i t  was important  t o  use high p u r i t y  m a t e r i a l s
Although the  samples ob ta ined  fo r  s tudy  were a l l  as sayed  a t  99 °/o
pure o r  b e t t e r ,  i t  was necessa ry  to  p r e -p r o c e s s  each compound to  in su re
maximum p u r i t y  in the  s t a r t i n g  m a t e r i a l .  T h e re fo re ,  each sample was
r e d i s t i l l e d  p r i o r  to  making r a t e  measurements.  The procedure  was to  
»
charge the s t i l l  wi th  1500 cc ,  and c i r c u l a t e  the  l i q u i d  while  pumping 
down the  system with  the forepump and g r a d u a l ly  i n c r e a s in g  the  r o to r  
hea t  inpu t .  When the l i q u i d  no longer bubbled o r  f ro th e d ,  the  d i f f u s i o n  
pumps were engaged and th e  hea t  input  was in c reased  u n t i l  a modest r a t e
E. S. Per ry  and J .  A. Weber, "Vapor P re s s u re  o f  Phlegmatic  
L iq u id s , "  Jo u rn a l  o f  the American Chemical S o c ie ty ,  LXXI (19^9)* 3720*
of  d i s t i l l a t i o n  was obtained* The d i s t i l l a t e  was c o l l e c t e d  u n t i l  the  
r a t e  f e l l  o f f  n o t i c e a b l y ,  a t  which time the h ea t  inpu t  to  the  r o to r  
was in c rea sed .  This p rocess  was repea ted  u n t i l  app rox im a te ly  500 cc 
o f  d i s t i l l a t e  was c o l l e c t e d .  About four  o r  f i v e  d i s t i H a n d  cy c le s  
were r e q u i re d  t o  o b t a in  t h i s  q u a n t i t y  o f  d i s t i l l a t e .  A f te r  exchanging 
d i s t i l l a t e  r e c e i v e r s  the  p rocess  was aga in  repea ted  u n t i l  a ^00 cc 
h e a r t - c u t  had been c o l l e c t e d .  The s t i l l  was then s h u t  down, d ra ined ,  
washed thoroughly  w i th  xylene then with  ac e to n e ,  and d r i e d .  A f te r  i t  
was reassembled ,  the  system was purged with  p u r i f i e d  d ry  n i t ro g e n  f o r  
s e v e ra l  hours .  During the  l a t t e r  s t a g e s  of  purging  the  forepump was 
run i n t e r m i t t e n t l y  t o  in su re  t h a t  the n i t ro g e n  was p u l l e d  through the 
e n t i r e  system. This c le a n in g  procedure  was fo l lowed r o u t i n e l y  every  
time the s t i l l  was opened.
In o rd e r  to  o b t a in  some measure, o f  q u a l i t y  improvement by the
t
aforementioned  p r e -p r o c e s s in g  techn ique ,  samples of  th e  o r i g i n a l  
charge ,  f o r e - c u t ,  and h e a r t - c u t  were q u a l i t a t i v e l y  ana lyzed  by chromato­
graph. . .S ince  no primary s tan d a rd  w as^ a v a i l a b le ,  a q u a n t i t a t i v e  assay  
was not  p o s s i b l e ,  bu t  the chromatographic  t r a c e s  f o r  both  the o r i g i n a l  
m a t e r i a l  and the f o r e - c u t  showed s e v e ra l  small  and a s i n g l e  la rge  peak, 
whereas in the  h e a r t - c u t  t r a c e  only  a s i n g l e  un iform ly  la rg e  peak was 
o b ta in e d .  These r e s u l t s  i n d i c a t e  t h a t  the i n i t i a l  d i s t i l l a t e  cu t  
removed the  l i g h t  ends as  wel l  as  a p o r t i o n  of  the  h e a r t  m a t e r i a l ;  
th u s ,  i t  was concluded t h a t  a very  high degree o f  p u r i t y  was ob ta in ed .
For the  exper im en ta l  r a t e  d e te rm in a t io n s  the i n i t i a l  degass ing  
procedure  was analogous to  t h a t  d esc r ib ed  above. The 5 00 cc  h e a r t - c u t  
was charged ,  the  forepump was used to  pump the  system down, and the 
sample was c i r c u l a t e d  and warmed u n t i l  com ple te ly  degassed .  When the
p r e s s u re  was reduced below 200 microns o f  mercury the  d i f f u s i o n  pumps 
were tu rned  on. I f  th e r e  were no gross  leak s ,  an lopera t ing  p r e s s u r e  
of  1-5 microns was a t t a i n e d  w i th in  10 minutes .  While the  charge was 
being c i r c u l a t e d ,  th e  p r e h e a t e r  was a d ju s te d  u n t i l  the  d e s i r e d  feed 
tem pera ture  was reached. The r o t o r  h e a te r  was roughly s e t  dur ing  t h i s  
t ime,  then  g ra d u a l ly  a d ju s t e d  u n t i l  the  feed and r e s id u e  tem pera ture  
read ings  ag reed .  When s te a d y  o p e ra t io n  was o b ta in e d ,  th e  d i s t i l l a t e  
was shunted  to  th e  c a l i b r a t e d  r e c e iv e r  and a measured volume c o l l e c t e d .  
A cum ula t ive  time record  was kept  o f  s u c ce ss iv e  5 cc samples u n t i l  a 
t o t a l  o f  kO cc  had been c o l l e c t e d .  By so doing i t  was p o s s i b l e  to  
a s c e r t a i n  roughly  whether  or  not  th e re  was a s i g n i f i c a n t  d r i f t  from the 
p r e - s e t  o p e r a t i n g  c o n d i t i o n s .  I f  any p a t t e r n  of in c r e a s in g  o r  de­
c r e a s i n g  times fo r  s u c c e s s iv e  volume i n t e r v a l s  was observed the  e n t i r e  
run was rep e a te d .
A f t e r  a s a t i s f a c t o r y  run was made the  sample was r e tu rn e d  to  the 
b e l l  j a r  r e s e r v o i r  and the  tem pera tu res  were r e a d ju s te d  to  new v a lu e s .  
The gen e ra l  p a t t e r n  followed f o r  a^ l  .samples was t o  make th r e e  o r  fou r  
runs w i th  ascending  tem pera tu re  i n t e r v a l s  then r e p e a t  the  p a t t e r n  
w hi le  reducing  the  tem p era tu re s .  This s e r i e s  of  runs was made a t  each 
feed r a t e  s t a r t i n g  w i th  the  h i g h e s t .
CHAPTER IV 
INTERPRETATION OF RESEARCH
1. The Mathematical Model
(a) F lu id  dynamics -  The mathematical  a n a l y s i s  commences with  a 
g en e ra l  d e s c r i p t i o n  o f  the  flow-phenomena. Liquid i s  fed through a 
s t a t i o n a r y  tube t o  the  i n s id e  base o f  a t ru n c a te d  r o t a t i n g  cone. 
F r i c t i o n  between th e  l i q u i d  and the  cone w a l l  tends to  cause the  
l i q u i d  to  a t t a i n  the  same r o t a t i o n a l  speed as  t h a t  o f  the cone. The 
c e n t r i f u g a l  f o r c e s  s e t  up in the l i q u i d ,  genera ted  by the r o t a t i o n a l  
motion of  th e  cone, w i l l  i n i t i a t e  l i q u i d  flow along the w al ls  from the  
base toward the p e r ip h e ry  o f  the cone. At high r o t a t i o n a l  speeds ,  the  
la y e r  formed a g a i n s t  t h e  w a l l  w i l l  be very  t h in .
T he re fo re ,  t h e  a p p l i c a t i o n  o f  the  eq u a t io n s  o f  motion to  t h i s  
f l u i d  dynamical s i t u a t i o n  i s  based on th e  fo l lowing  primary c o n s id e r a ­
t io n s :
(1) The t h i c k n e s s  o f  the  f l u i d  f i lm  8 , is  smal l  in comparison 
w ith  the  cone dimensions .
(2) The f low w i th in  the  f i lm  i s  e n t i r e l y  v iscous .
(3 ) The f low is  assumed to  be r o t a t i o n a l l y  symmetric.
In a d d i t i o n ,  from an e v a l u a t i o n  o f  o rde rs -o f -m agn i tude  o f  the 
v a r io u s  terms o c c u r r in g  in the  eq u a t io n s  of  motion fo r  v iscous  flow 
the fo l lo w in g  assumptions  may be made:
(1) The v e l o c i t y  component in the  d i r e c t i o n  of  r o t a t i o n  (the 
t a n g e n t i a l  component) i s  ve ry  small  when compared with  the r a d i a l
3 5
component. This im pl ies  t h a t  the  l i q u i d  has the  same r o t a t i o n a l  speed
as  the cone. Thus the p a th  t r a v e r s e d b y  any l i q u id  p a r t i c l e  w i th  
r e sp e c t  to  the  cone s u r f a c e  i s  s t r a i g h t  and r a d i a l .  S t roboscopic  
photographs o f  p a r t i c l e  p a t h l i n e s ,  shown in F igs .  7 through 10, a re  
v i s u a l  proof  of  t h i s .
(2) The v e l o c i t y  component in the  normal d i r e c t i o n  i s  small  with 
r e sp e c t  to  the r a d i a l  component.
(3) The r a d i a l  v e l o c i t y  change a c ro s s  the  r o to r  is  smal l  com­
pared to  i t s  change a c r o s s  the f i lm .
The re fo re ,  by n e g le c t in g  i n e r t i a l  e f f e c t s  and the  normal and 
t a n g e n t i a l  v e l o c i t y  components,  and assuming a c o n s ta n t  s t a t i c  p r e s s u re
i
Vc
the  j a t i o n  of  motion can be w r i t t e n  as  :
The p a r t i c u l a r  s o l u t i o n  of  the  d i f f e r e n t i a l  equa t ion  which s a t i s ­
f i e s  the  given boundary c o n d i t i o n s ,  is
The volume flow r a t e  a t  any rad ius  £ i s  determined by computing 
‘the  q u a n t i t y  of  l i q u i d  f lowing through the  c ro s s  s e c t io n :
and i boundary c o n d i t i o n s  a re :
u = 0,  y = 0 a t  the  wal l
P  a2g cos  <p + (2rt<o) £ s i n <p + V — r  = 0
By'
(4-1)
= 0 , y = 6 a t  th e  f r e e  s u r f a c e  .
(4-2)
U = 2  C1 (^ Y "  y2 ) (4-3)
The nomenclature is  g iven in Appendix A; a ske tch  o f  the 
c o o rd in a te  system may be found in Appendix B.
Figure  7 . Flow P a t t e r n  on Rotor -  50 C en t ip o ise s
Figure  8 . Flow P a t t e r n  on Rotor -  30 C en t ipo ises
Figure 9* Flow P a t t e r n  on Rotor -  20 Cen t ipo ises
Figure 10. Flow P a t t e r n  on Rotor ~ 10 Cen t ipo ises
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Q. = 2it£5u = J  2*£udy . (4-4)
o
S u b s t i t u t i n g  fo r  u from Eq. (4-3) and i n t e g r a t i n g ,  the mean 
v e l o c i t y  becomes
u = ~  CjB2 , (4-5)
where, fo r  la rg e  v a lu es  of  c e n t r i f u g a l  fo rc e
p  cos <p «  ■ £ s i n <P ,
and Eq. (4-5) is  w r i t t e n  as
u = s i n  <p]«S2 . (4-6)
In o rde r  t o  o b t a in  an eq u a t io n  r e l a t i n g  mass flow and ev ap o ra t io n ,  
the c o n t i n u i t y  e q u a t io n  is  in t roduced  by c a l c u l a t i n g  the mass r a t e  
change over  a lay e r  o f  d i f f e r e n t i a l  leng th
^  (£p6 u) + £w = o , (4-7)
and d e f in in g  th e  flow r a t e  per  u n i t  p e r im e te r
T  = Bp5 . (4-8)
Equation (4-7) becomes
d(« D  + -  0 \  , (4-9)
V
\
where dx has been e l im in a t e d  by the g e o m e t r i c a l \ r e l a t i o n s h i p
Equatioh (4-8) can be i n t e g ra te d  i f  i t  is  assumed t h a t  the s u r f a c e  
e v a p o ra t io n  r a t e  is  c o n s ta n t  ac ro ss  the  r o t o r .  I t  may be r e c a l l e d  
t h a t  ev ap o ra t io n  is  def ined  by the  Langmuir Eq. (2- 6 ) fo r  m o lecu la r  
d i s t i l l a t i o n  and is  a fu n c t io n  of  the  s u r f a c e  t em p era tu re .  By assuming 
a mean s u r f a c e  tempera ture  f o r  th e  f i lm  an approximate  s o l u t i o n  is  
obtaine 'd ,  s u b je c t  to  the  boundary c o n d i t io n :
thus ,
£ = i Q, r  = To a t  the  feed p o s i t i o n  , (4 - 10)
i  r  -  £ T  + — (4 2  -  4 2.) = 0 . (4 - 11 )’  ^o o 2 s i n  <f> ’ o
Defining the  fo l lowing  d im ension less  parameters :
i *  = r / ro
(4-12)
Equation (4-11) can be rear ranged  to  y i e ld
I *  = \  El -  M f 2 -  1) ]  . (4-13)
In o rd e r  to  ob ta in  5 as  a f u n c t io n  of  £,  Eqs. (4-6) and (4-7) a r e  
s u b s t i t u t e d  i n to  (4-13)J a f t e r  r e a r ran g in g  one o b ta in s :
8* = (-^)2/3[ l  -  f5w(f2 -  1)] . (4-Ht)
A
Vc
In a s i m i l a r  fash ion  the e l i m i n a t i o n  of  5 among Eqs. (4 -6 ) ,  (4—Y), and
^  -jV
(4-14) g ives  an express ion  r e l a t i n g  u and £ :
,’c 1 1/3 2 /3
U = I1* )  [1 -  M f 2  -  1 )]  , (‘•-15)
c
where, in Eqs. (4-13),  (4 -14 ) ,  and (4-15)
uW = u /u 0 ,
6 * = 5 /6  " , (4- 16)o
P = 3 ^ / ( 4 A % o3s i n ^ p )
(b) Heat t r a n s f e r  -  In t h i s  a n a l y s i s  i t  i s  assumed t h a t  hea t  
t r a n s f e r  occu rs  from the  cone w a l l  through the  f i lm  by conduct ion ,  the 
f lux  be ing  e x a c t l y  t h a t  r eq u i red  to  supply  l a t e n t  hea t  fo r  ev ap o ra t io n  
from the  s u r f a c e  f i lm .  This assumption appears  reasonab le  f o r  the  
case  whore th e  feed and mean d i s t i l l a n d  r e s id u e  tempera tures  a r e  
s t i p u l a t e d  t o  be e q u a l .  T he re fo re ,  i f  r a d i a t i o n  loses  and convec t ive  
e f f e c t s  a r e  n e g le c te d ,  the  hea t  f lu x  may be w r i t t e n  a s ,
dq = (*r) 2nf£Tdx . (4-17)
By in t ro d u c in g  the  l a t e n t  hea t  o f  v a p o r i z a t i o n  in to  Eq. (4-17)* the  
e v a p o r a t io n  becomes:
(^)dq = (^jr)2rt#VTdx . (4-18)
The r a t e  o f  mass flow a c ro ss  the cone is
G = 2rt£pu6 . (4-19)
E l im in a t in g  u by means of  Eq. (4 -6 ) ,  Eq. (4-19) reduces to:
G = C 'C '4%3 , (4-20)f s
where
CJ; = q/ v,  and = (8 / 3 ) (jt3a>2 ) s i n  <p
The evapora t ion  is  a l s o  r e p re s e n te d  by the change in mass r a t e  
a c ro s s  an element of  cone s u r f a c e ;  thus  when Eq. (4-20) is  d i f f e r e n t i a t e d  
w i th  r e sp e c t  t o  x and equated  t o  Eq. (4 -18) ,  rearrangement g ives  
t h i s  r e l a t i o n :
. 3®>3 f  + 8 s l n V - # £ -  . (4-21)
f  S
Here:
Cg = C^/2rt , and Cf  = CjA/k
Equation (4-21) can be s im p l i f i e d  by the fo l lo w in g  t r a n s fo rm a t io n
T = , and T* = t / t  • (4-22)o
A f te r  rearrangement t h i s  s u b s t i t u t i o n  g iv e s ,
+ 2. T. -  _    . (4-23)
3 4 3Cf Cs sin«f> '  3
Equation (4-23) i s  i n t e g r a b l e  p ro v id in g  t h a t  AT can be expressed  
as  a fu n c t io n  of  £ (or  5 ) .  R e c a l l in g  from Eq. (4-17) t h a t  AT/5 is 
p ro p o r t i o n a l  to  q i f  the  hea t  f l u x  through the f i lm  may be assumed 
c o n s t a n t  or  i f  i t  v a r i e s  on ly  m odera te ly  a c ro ss  the  r o to r  s u r f a c e ,  then
i t  i s  reasonab le  to  w r i t e :
\
ft-T— =».§_ _ f  (£*)
AT 5 “ ' ' 5 '  >
o o
or ( 4 - 2 4 )
AT “ 5 = f  (£ )
where f ( £  ) i s  a f u n c t io n a l  r e l a t i o n s h i p ,  to  be determined,  which 
depends on the  e v a p o ra t io n .
I f  Eq. (4-2*0 i s  s u b s t i t u t e d  i n to  Eq. (4-23 )> the r e s u l t i n g  
e q u a t io n ,  rea r ranged  in i n t e g r a l  form i s ,
t  U T
Jd (r W  - - fc(3C c °-n--5i) IP'3f <«V* ♦ c , CV25)
o J  f  s
fo r  which the  boundary c o n d i t i o n  is :
t *  = r *  = 1 • (4- 26)
From the p rev ious  r e s t r i c t i o n  o f  a moderate change in th e  heat  
f lu x  a c r o s s  th e  r o to r ,  and the  approximate s o lu t i o n  of  the c o n t i n u i t y  
e q u a t io n  fo r  the  case  o f  c o n s ta n t  e vapora t ion  r a t e ,  Eq. (4-14) may be
expressed  in terms of  a mean or  average e v a p o ra t io n  r a t e :
*  *  l _ -vp ^ 3
f (5  ) = 5 = (■**) [1 -  Pw(4 2 -  1)] . (4-27)
t
Furthermore,  from Chapter  I I ,  the  ev a p o ra t io n  c o e f f i c i e n t  can be 
d e f in e d  in terms of  the  r a t i o  o f  ex p e r im en ta l ly  de termined mean evapora­
t i o n  r a t e  to  the c a l c u l a t e d  mean value:
OL = w /w • (4-28)e
Thus, in t ro d u c in g  Eqs. (4-27) and (4-28) i n to  Eq. (4-25) ,  i n t e g r a t i n g  
and r e a r r a n g in g  the r e s u l t ,  one o b ta in s  as the f i n a l  e x p re ss io n :
p/O 1/U
8*  = <-^) [ l  -  (2* U l  -  Cl -  -  l ) ] V 3 }] . P fS 9 )
i  e
2. Method of  S o lu t io n  of the Mathematical Model
Equation (4-29) is  an ex p re ss io n  r e l a t i n g  f i lm  th ic k n e s s  of  the 
f l u i d  and e v a p o ra t io n  r a t e  as  a fu n c t io n  o f  p o s i t i o n  on the r o t o r  
s u r f a c e .  This ex p re s s io n ,  a long with  E q s . • (2- 6 ) and (4-17) which
r e s p e c t i v e l y  r e l a t e  s u r f a c e  tem pera tu re  t o  ev ap o ra t io n  and f i lm  t h i c k ­
ness  w ith  tem pera tu re ,  r e p r e s e n t s  a system of  eq u a t io n s  which prov ide  
an approximate  a n a l y s i s  of  the  coupled phenomena o f  f l u i d  dynamics, 
hea t  t r a n s f e r ,  and s u r f a c e  e v a p o ra t io n  fo r  the c e n t r i f u g a l  molecular  
s t i l l .
Since Eq. (4-29) involves  an e x p e r im e n ta l ly  measured param eter ,  
the  mean e v a p o ra t io n  r a t e  (w ) ,  the numerical s o l u t i o n  of  t h i s  system 
o f  eq u a t io n s  a p p l i e s  d i r e c t l y  t o  the  a c t u a l  p h y s ic a l  e v apora t ion  
measurements ob ta ined  on the  m o lecu la r  s t i l l .  The s o lu t i o n  technique  
f o r  any p a r t i c u l a r  exper im en ta l  run involves  a s e r i e s  of i n i t i a l  
parameter  "g u esses"  and s u c c e s s iv e  i t e r a t i o n s  t o  improve each e a r l i e r  
e s t i m a t e .  The c a l c u l a t i o n s  a r e  repea ted  u n t i l  convergence is  ob ta in ed .
In the gen e ra l  com puta t iona l  scheme the e v a p o ra t io n  s u r f a c e  is 
d iv ided  in to  a s e r i e s  o f  smal l  equal  a rea  segments) then,  s t a r t i n g  from 
the feed p o s i t i o n ,  an e v a p o ra t io n  r a t e ,  w, can be c a l c u l a t e d  from 
Eq. (2- 6 ) fo r  an e s t im a te d  s u r f a c e  tem pera tu re .  Using t h i s  va lue  and 
a p p r o p r i a t e  i n i t i a l  e s t im a te s  o f  oc and w, the  f i lm  th ickness  i s  ob ta ined  
from Eq. (4-29)* By means of  Eq. (4 -17 ) ,  f rom which a AT i s  e v a lu a ted ,  
and the  assumption t h a t  the b u lk  mean f i lm  tem pera tu re  is  the  a r i t h ­
m et ic  mean of  the  s u r f a c e  and the  w a l l  tem p era tu re s ,  an improved e s t im a te  
o f  tlie s u r f a c e  tem pera tu re  can be made. This value  is  used to  r e c a l ­
c u l a t e  the. e v a p o ra t io n  r a t e  from Eq. (2- 6 ) ,  as  b e fo re .  The i t e r a t i o n s  
a r e  con t inued  in t h i s  fa sh io n  u n t i l  succeeding va lues  of su r f a c e
I
t em pera tu res  and ev ap o ra t io n  r a t e s  ag ree .  These c a l c u l a t i o n s  proceed 
f o r  each a r ea  element in tu rn  u n t i l  the edge o f  the ro to r  is reached.
A new average  e v a p o ra t io n  r a t e ,  w, c a l c u l a t e d  from the in d iv id u a l  va lues  
i s  compared w i th  the  l a s t  e s t im a te d  value)  i f  agreement is  not a t t a i n e d ,
the e n t i r e  i t e r a t i o n  p rocedure  is  r e p e a te d ,  s t a r t i n g  w i th  the l a t e s t  
e s t im a ted  va lues  of  a  and w. These t e d io u s  computat ions  were performed 
a t  the  IBM 1620 d i g i t a l  computer a t  the  Louis iana S t a t e  U n iv e r s i ty  
Computer Research Center .  The computing time per  run ranged from 
1- 1/2  to  3 hours.
3 . Experimental Resu l ts
A t o t a l  of  102 i so the rm a l  runs were made on the  CMS-5  c e n t r i f u g a l  
s t i l l  us ing  f i v e  d i f f e r e n t  p u r i f i e d  m a t e r i a l s .  These da ta  a r e  p resen ted  
in g ra p h ic a l  form, F igs .  11-15> p l o t t e d  as  r a t e  vs mean tempera ture  fo r  
each compound. Three feed r a t e s  were used in each s e r i e s  of  runs.
Also, on th e se  graphs,  fo r  purposes  o f  comparison,  a r e  r ep o r ted  the 
t h e o r e t i c a l  e v ap o ra t io n  r a t e s ,  c a l c u l a t e d  by means of  Eq. ( 2 -6 ) j t h i s  
corresponds to  an e v a p o ra t io n  c o e f f i c i e n t  of  u n i ty .
The r e s u l t s  of th e  computer a n a l y s i s  o f  these  exper im en ta l  runs 
a r e  p re sen te d  in Tables  V through XXV in Appendix C. Film th ick n e ss ,  
mass flow, v e l o c i t y ,  tem pera tu re  drop,  and s u r f a c e  tem pera tu re ,  c a lcu ­
l a t e d  as  d e s c r ib e d  in s e c t i o n  2 , above, a r e  t a b u la t e d  f o r  each run as  a 
fu n c t io n  o f  r o t o r  p o s i t i o n .  In a d d i t i o n ,  fo r  s e l e c t e d  runs,  graphs 
o f  these  v a r i a b l e s  in normalized form have been p l o t t e d  as  a func t ion  
o f  a r a d i a l  p o s i t i o n ,  d im ens ion less  pa ram ete r .  These graphs a r e  shown 
in Figs.  16-21, Appendix D.
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FI GURE 1 2
DI-N-BUTYL PHTHALATE
O  FEED GEAR 1 
□  FEED GEAR 2
^  FEED GEAR 3
























F I GU R E 1 3
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DI-N-BUTYL SEBfiCflTE
O  FEED GERR 1 
□  FEED GERR 2
^  FEED GERR 3
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F I GU RE 1 4
Dl C2-ETHYLHEXYU PHTHflLflTE
O  FEED GEAR 1 
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FI GURE 1 5
DIC2-ETHYLHEXYL3 SEBACATE
O  FEED GEAR 1 
□  FEED GEAR 2
^  FEED GEAR 3





The computer g enera ted  s o lu t i o n s  to  the  s imultaneous s e t  o f  
Eqs. (2- 6 ) ,  (4 -17) ,  and (4-29) which d e s c r ib e  the  hydrodynamic§„ajnd 
hea t  t r a n s f e r  show performance c h a r a c t e r i s t i c s  o f  the  c e n t r i f u g a l  
m olecu la r  s t i l l  which a r e  o f  pr imary i n t e r e s t  and s i g n i f i c a n c e .
If  our f i r s t  c o n s i d e r a t i o n  is th e  l i q u i d  flow ac ro ss  the  r o t o r ,
i t  i s  ap p a re n t  t h a t  t h e r e  is  a rap id  f l a t t e n i n g  of the f i lm  from cone
v e r t e x  to  p e r ip h e ry )  the  g r e a t e s t  con tour  change occurs  in the
v i c i n i t y  o f  the  feed p o in t .  The degree o f  change a t  the r o to r  rim
v a r i e s  from about  s even ty  to  e i g h t y  per  c en t  o f  the i n i t i a l  f i lm
th ic k n e s s  and is  dependent upon the r e l a t i v e  magnitudes of the feed
and e v a p o ra t io n  r a t e s ,  but a s i x t y - f i v e  per c e n t  change would be noted
w ith  no e v a p o ra t io n  due to  th e  in c re a se  in p e r ip h e ry  l eng th .  The shape
of  the  t h i c k n e s s  con tour  depends to  some degree on the i n i t i a l  l i q u i d
d i s t r i b u t i o n  on the  r o t o r  ( i . e .  the  feed r a t e )  as  po in ted  out  by Emslie,  
14
Bonner,  ancf Peck who s tu d i e d  the flow of  v iscous  f l u i d s  over a 
r o t a t i n g  d i s c .  They concluded,  however, as  is  p o s tu l a t e d  he re ,  t h a t  
c e n t r i f u g a t i o n  tends  to  produce f i lm  u n i fo rm i ty  as the  th ic k n e s s  is  
reduced.
In the  course  of  t h e i r  a n a l y s i s  Emslie,  e t  a j .  i n v e s t i g a t e d  the 
e x t e n t  t o  which r e l i a b i l i t y  o f  the  flow eq u a t io n s  is  a f f e c t e d  i f  the
5 3
s o - c a l l e d  C o r io l i s  e f f e c t  is  n eg le c te d .  According to  t h e i r  a n a l y s i s ,  
the C o r io l i s  a c c e l e r a t i o n  ( t h a t  p e rp e n d ic u la r  to  the  rad ius)  i s :
a CQR = 2 (2 ita>)u . (5- 1)
(2rtui) is  the  a n g u la r  v e l o c i t y ,  and u i s  the r a d i a l  v e l o c i t y ,  as  b e fo re .  
S i m i l a r ly  the c e n t r i f u g a l  a c c e l e r a t i o n  is
a CENT = (2nu)) 2£ s in  P  * (5-2)
Here £ ' s the r a d iu s  and (p i s  the cone h a l f - a n g l e  measured from the 
a x i s  of r o t a t i o n .  Thus, t h e  c o n d i t i o n  fo r  n e g lec t in g  the C o r io l i s  
e f f e c t  r e q u i r e s  t h a t
a COR = 2 (2nw) u___ <<; j  ̂ (5“3)
a CENT (2nu>)2£ s in  <p
or
u «  (2ito))4 s i n  (p/2 • (5**0
In Chapter IV i t  was shown t h a t  the  r a d i a l  v e l o c i t y  and f i lm  
th ick n ess  a r e  r e l a t e d  by
u = I  i  s in p ][g > y  - y2] • (V 3)
When the boundary c o n d i t i o n s  a r e  c o n s id e red ,  i t  fol lows t h a t  the 
maximum;velocity occurs  a t  t h e  s u r f a c e  (a t  y = 6 ) ,  thus
um = 2 E(T ) f  ^ Sin <p]&2 * (5_5)
When t h i s  is  s u b s t i t u t e d  fo r  u in Eq. (5“*0 and the e q u a t io n  is  
r ea r ran g ed ,  the  r e s u l t  is  a d im ens ion less  r a t i o
nc = . (5- 6 )
This is d es ig n a ted  the "C Number" or  " C p r i o l i s  Number", and the  
c r i  t e r io n  is  t h a t
Nc «  1 • (5- 7 ).
In o rde r  to  t e s t  the  assumption t h a t  the Cor io l ' i s  e f f e c t  may be 
neg lec ted  fo r  t y p i c a l  o p e ra t in g  c o n d i t i o n s  used in t h i s  work, co n s id e r  
Run No. 21-Glycero l ,  f o r  which a) = 1650 rpm, T = 70°C, p = 1.23 gm/cc,
|i = 50 c e n t i p o i s e s ,  and .012 cm (feed)  ^ B ^ .OO38 cm (rim).  Under 
th e se  c o n d i t io n s  a c a l c u l a t i o n  i n d i c a t e s  t h a t  th e  C o r io l i s  number v a r i e s  
from approximate ly  .02 to  .002 a c ro s s  t h e  r o t o r .  Thus, the  assumption 
is shown to  cause l i t t l e  e r r o r .
However, a p p l i c a t i o n  to  Run No. 77"Di ( 2 -e th y lh e x y l )  p h t h a l a t e ,  
fo r  which T = 120°C, V = .0281 cm^/sec ,  and .0016 cm ^ B ^ .0049 cm, 
shows t h a t  N v a r i e s  ac ro ss  the  r o t o r ,  from approx im a te ly  .15 a t  the
C '
v e r te x  to  .016 a t  the o u te r  edge. The co n c lu s io n  which may be drawn
from t h i s  is  t h a t  for  t h i s  f l u i d  th e  C o r i o l i s  e f f e c t  i s  a p p re c ia b le
in the  region around the v e r t e x  and should  not be ignored.
12As demonstrated  by Dixon, R u s s e l l ,  and Swallow, a l i q u id  a t  
any po in t  on a r o t a t i n g  d i sc  is  s u b j e c t  t o  two main f o r c e s ,  a c e n t r i ­
fuga l  f o rc e  a c t i n g  in the  p o s i t i v e  r a d i a l  d i r e c t i o n  and a C o r io l i s  
*
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fo rce  a c t i n g  in the  p lane  o f  r o t a t i o n  and normal t o  the  r a d iu s .  The 
r e s u l t a n t  of th ese  fo rces  is  a f u n c t io n  of  r a d iu s .  Thus to  a s t a t i o n a r y  
obse rve r ,  the pa th  desc r ibed  by a f l u i d  p a r t i c l e  from c e n te r  to  rim 
appears  t o  be an equ iangu la r  s p i r a l .  That i s ,  f l u i d  shear  occurs  in 
the  t a n g e n t i a l  d i r e c t i  on whenever the  C o r i o l i s  a c c e l e r a t i o n  is  a p p re c ia b le  
and the s l i p  between f l u i d  l ay e r s  i s  g r e a t e s t  when the  f i lm  is  t h i c k  and
the f l u i d  is non-v iscous .  Visual  ev idence o f  t h i s  e f f e c t  f o r  runs such 
as  Number 77 above has been ob ta in ed  and i s  p r e se n ted  in the photographs 
of  Figs.  7 through 10. The reg ion  o f  t a n g e n t i a l  sh e a r  about  the cone 
c e n t e r  can be r e a d i l y  d i sce rn ed  in F igs .  7 , 8 , and 9 by n o t in g  the 
curved p a t h l i n e s  which emanate from the  cone c e n t e r ,  then a b r u p t ly  
f l a t t e n  a t  some d i s t a n c e  f u r t h e r  o u t .  However, in Fig. 6 , the  l i q u i d  
was o f  r e l a t i v e l y  high v i s c o s i t y j  i t s  p a t h l i n e s  t h e r e f o r e  appear  f l a t  
and s t r a i g h t .  These s t ro b o s c o p ic  p i c t u r e s  were made us ing  g ly c e ro l  and 
w ate r  m ixtures  w i th  v i s c o s i t i e s  o f  50 , 30, 20, and 10 c e n t i p o i s e s ,  
r e s p e c t i v e l y .
The g r a v i ty  fo rce  may be co n s id e red  n e g l i g i b l e  compared to  the  
c e n t r i f u g a l  force,,  i f  the  r a t i o  of  the  former t o  the  l a t t e r  is sm al l ,
the g r a v i ty  fo rce  is  indeed n e g l i g i b l e  here .
The mathemat ical  model p r e d i c t s  t h a t  th e re  w i l l  be a d i f f e r e n t  
s u r f a c e  tempera ture  a t  v a r ious  rad i i  co r respond ing  to  the change in 
f i lm  th ick n ess  a c ro ss  the  r o to r .  The s u r f a c e  tem pera tu re  in c re a se s
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Ng can be ev a lu a ted  fo r  t h i s  s tudy  wi th  o  = I65O rpm, <p = 75°  ,
p
£ = 1.11 cm, and g = 981 cm/sec ; thus  Ng . 008, which in d i c a t e s  th a t
a c r o s s  the  r o t o r  from v e r t e x  to  cone p e r ip h e ry .  The ev a p o ra t io n  r a t e ,  
c a l c u l a t e d  us ing  the  Langmuir Eq. (2- 6 ) ,  t h e r e fo r e  must a l s o  i n c r e a se  
in the d i r e c t i o n  of i n c re a s in g  rad iu s ;  the magnitude o f  the in c r e a s e  
is  approx im a te ly  p r o p o r t i o n a l  t o  the  in c rea se  in the vapor p r e s s u r e  
e x e r t e d  by the l i q u i d .  The molecular  s t i l l  i s  heated by means o f  an 
e l e c t r i c a l  r e s i s t a n c e  e lement imbedded behind the r o to r ;  t h i s  element 
i s  des igned  to  give c o n s t a n t  power input  per u n i t  a r ea  of  r o to r  s u r ­
f a c e .  Thus, in o rd e r  to  r e c o n c i l e  the co n d i t io n  of a v a ry in g  h e a t  
f l u x  requ irement  a c ro ss  the ro to r  with a c o n s ta n t  power input  per  u n i t  
a r e a ,  i t  i s  n e cessa ry  t o  assume t h a t  h ea t  conduct ion takes  p lace  
l a t e r a l l y  w i th in  the r o t o r  meta l  i t s e l f .  For a spun aluminum r o t o r  
t h i s  appears  to  be a reasonab le  assumption.
g
This p o in t  has been con s id e red  by Burrows who f u r t h e r  reasons  
t h a t  fo r  a given energy r a t e  requirement  th e re  is  only  one r o to r  
s u r f a c e  tem pera tu re  which p rov ides  the AT ac ro ss  the  f i lm  r e q u i re d  by 
the co r re sp o n d in g  va lues  o f  f i lm  th ickness  and thermal c o n d u c t i v i t y ,  
fo r  the  hea t  f lu x  t h a t  is  a l s o  f ix e d  by t h i s  s u r f a c e  tem pera tu re .  This 
concept  is  in ge n e ra l  agreement w ith  th e  assumptions made e a r l i e r  t h a t  
the  bu lk  mean tem pera tu re  i s  the a r i t h m e t i c  average of  the  r o to r  
s u r f a c e  and l i q u i d  s u r f a c e  tem pera tu res .
C a lc u la te d  va lues  o f  tempera ture  d i f f e r e n c e s  through the f i lm  vary 
from a maximum a t  the  v e r t e x  to  a minimum a t  the r o to r  p e r ip h e ry .  The 
maximum g r a d i e n t  i s  approx im ate ly  twice the minimum in the  runs 
r e p o r t e d  h e re ,  thus  r e f l e c t i n g  the  e f f e c t s  of  a d ec re a s in g  f i lm  th ic k n e s s  
and small  i n c r ea se  in the  r a t e  o f  thermal energy t r a n s p o r t  through the 
f  i lm.
R ep re s e n ta t iv e  mean thermal g r a d i e n t  da ta  fo r  s e v e ra l  g ly c e ro l  and
d ib u ty l  p h t h a l a t e  runs a r e  p r e se n te d  in Table I I I .  Although a wide
v a r i a t i o n  in the thermal g r a d i e n t  i s  observed he re ,  over the o p e ra t in g
range fo r  g l y c e r o l ,  th e  da ta  appear  remarkably c o n s i s t e n t  a t  any given
tem pera tu re .  This i s  demonstra ted  fo r  both g ly c e ro l  and d ib u ty l
p h t h a l a t e  a t  70°C over  a range o f  mass flow r a t e s ,  fo r  which the
thermal g r a d i e n t s  a r e  r e l a t i v e l y  unchanging (see Table I I I ) .  Thermal
31g r a d ie n t s  o f  the same o rd e r  of magnitude a r e  r epo r ted  by Pruger^ who
probed the e v a p o ra t in g  s u r f a c e  o f  carbon t e t r a c h l o r i d e  with  a f in e
thermocouple whose j u n c t i o n  had been f l a t t e n e d  to  a th ic k n e s s  o f  0 . 0*t mm.
• •
In h i s  r e se a r c h ,  Pruger  measured a tem pera ture  drop o f  about 3°C w i th in  
a su r f a c e  laye r  of  app rox im a te ly  O.3  mm, thus  o b t a in in g  a g r a d i e n t  of  
roughly 100°C/cm.
2. Analys is  of  the  P h t h a l a t e  and Sebacate Runs
P h th a la te s  and s e b a c a te s  ( e s p e c i a l l y  the  i s o o c ty l  e s t e r s  EHP and
EHS) have been the  s u b j e c t  o f  numerous molecu lar  d i s t i l l a t i o n  s tu d i e s
/V
over the p a s t  y e a r s ,  and so p rov ide  a b a s i s  fo r  comparing the r e se a rc h  
r epo r ted  in t h i s  s tudy .
Perhaps the most d e f i n i t i v e  s t u d i e s  on s t i l l  dynamics have been 
pub l ished  by H ickm an^  and C o l i . ^  In h is  work, Hickman ob ta in ed  f i lm  
th ick n e ss  e s t im a te s  by means of  o p t i c a l  d e n s i t y  measurements of dyes 
in t roduced  on the  sp in n in g  r o t o r .  For a r o t a t i o n a l  speed o f  about  
I65O rpm, co r respond ing  to  the a n g u la r  v e l o c i t i e s  in t h i s  s tudy ,  he
/V
A m a t e r i a l s  index has been summarized by Watt (see Ref.  35) ;  
P* 335"3^1; co v e r in g  most o f  the  r e c e n t  l i t e r a t u r e .
TABLE I I I















9 50 43 • 523 .OO786 Glycerol
14 ■91- 1114 •251 .00033 Glycerol
11 70 238 .447 .00530 Glycerol
16 69 219
CVJ• .00538 Glycerol
21 70 239 •350 .00489 Glycerol
33 70 45 •375 .00245 DBP
**7 70 46 .260 .00216 DBP
51 72 55 .183 .00190 DBP
rep o r t s  f i lm  th ick n esses  rang ing  from approx im a te ly  0.06  to  0.01  mm 
over the r o to r  from c e n te r  to  edge.  Co l i ,  on the o th e r  hand, obta ined  
average th ick n esses  for  h i s  funs by d i v i d i n g  the volume feed by the 
s u r f a c e  of r e v o lu t io n  genera ted  by a r a d i a l  e lement of  the  r o to r ,  
over equal  time i n t e r v a l s .  His r e p o r t e d  mean v a lu es ,  a t  roughly the 
same r o t a t i o n a l  speed,  were about  a hundredth  of those  o f  Hickman. As 
Watt p o in t s  ou t ,  however, t h i s  i n d i r e c t  c a l c u l a t i o n  by Coli does not 
include the e f f e c t  o f  v a r i a b l e s  such a s  v i s c o s i t y ,  d e n s i ty ,  and s u r ­
face  t e n s io n ,  e t c . ,  and t h e r e f o r e  is  somewhat q u e s t io n a b le .  Film 
th ick n esses  e v a lu a te d  here  from the  mathematical  model, fo r  the phtha-  
l a t e s  and s e b a c a te s ,  ag ree  q u i t e  w e l l  with  Hickman's d a ta .  Several 
t y p i c a l  mean va lues  a re  inc luded  in Table  IV for  purposes  o f  comparison 
In h is  s tudy t o  a s s e s s  the  thermal  hazard of  t h i s  s t i l l ,  Hickman 
e s t im a ted  the time the l i q u i d s  f lowing  a c r o s s  the  ro to r  were exposed 
to  the high e vapora t ion  te m p e ra tu re s .  These res idence  time measure­
ments were made by photographing  dye marks in troduced  w i th  the  feed 
a t  va r ious  ro to r  p o s i t i o n s  fo r  known time i n t e r v a l s .  Based on Hickman' 
r e s u l t s ,  i t  was r ep o r ted  t h a t  a v e rag e  exposure  times vary  from O.O5
1
t o  0.20  sec over the  u s e fu l  range o f  o p e r a t i o n  of  the CMS-5  molecular  
s t i l l . "  Mean r a d i a l  v e l o c i t i e s  f o r  t h e  p h t h a l a t e s  and s e b a c a te s ,  
computed from the mathematical model,  v a r i e d  from about  k  to  8 cm/sec 
fo r  the c o n d i t io n s  used in t h i s  s tu d y .  I f  the  r a d i a l  d i s t a n c e  from 
c e n te r  to  edge is approx im ate ly  5 cm, the r e s id e n c e  time fo r  a t y p ic a l  
f l u i d  p a r t i c l e  t r a v e r s i n g  the r o t o r  v a r i e s  roughly  from 0 .6  to  0 .8  sec .
B u l l e t i n  3-1 ,  August,  i 960 , Conso l ida ted  Vacuum Corporat ion,
page 5 .
TABLE I V
Constant  Temperature Runs -  Glycero l
Run
No.








Evapora t ion  Rate
c
(gm/sq c m /se c )x l0^
w w e
4 91 • 544 .879 291-5 331-8
14 91 .412 .642 218.6 340.7
■ 18 90 .414 .560 177-^ 316.6
23 91 •330 •357 124.9 322.5
7 70 .613 .747 53-3 71.3
11 70 .482 • 591 42 .4 71.7
16 69 .485 • 590 39-1 66 .2
21 70 .386 .498 35-6 71.7
These r e s u l t s ,  t h e r e f o r e ,  a r e  about  4-10 times g r e a t e r  than the  p r e ­
v io u s ly  repo r ted  v a lu e s .  There i s  no s a t i s f a c t o r y  e x p la n a t io n  f o r  t h i s  
apparen t  anomaly s in c e  Hickman's o r i g i n a l  d a ta  a r e  not a v a i l a b l e .
The p o s s i b i l i t y  e x i s t s ,  however, t h a t  Hickman's measurements were made 
a t  g r e a t e r  throughput  r a t e s  which would e a s i l y  account  f o r  the  h igher  
v e l o c i t i e s  encountered  in h is  ca se .
The ev ap o ra t io n  c o e f f i c i e n t s  t h a t  have been o b ta in ed  f o r  the  
s e b ac a te s  and p h t h a l a t e s  in t h i s  s tudy ag ree  remarkably w el l  w i th  the  
values  p r e v io u s ly  r epo r ted  (see Table l )  by o t h e r  i n v e s t i g a t o r s .  The 
va lues  o f  the evapora t ion  c o e f f i c i e n t  f o r  th e se  su b s tan ces  in a l l
runs fo r  which the c a l c u l a t i o n  was made, ranged from 0.91 to  approximate ly
19u n i ty .  I t  has been p o s tu l a t e d  by Hickman and Trevoy t h a t  these  pure 
subs tances  e x h i b i t  " i d e a l "  l i q u i d  phase behav io r  and should  a t t a i n  
ev a p o ra t io n  c o e f f i c i e n t s  o f  u n i ty .  S im i la r  c o n c lu s io n s  have been
p
reached"by o th e r  r e s e a r c h e r s .  The f a c t  t h a t  v a lu es  o b ta in e d  here a re  
low in some cases  by as much as  6 to  9 per  c e n t  might  be a t t r i b u t e d  to  
exper im en ta l  e r r o r s  in f i lm  tem pera ture  measurement.  As d i s cu s sed  in 
Chapter I l i a  p robab le  e r r o r  of one degree in the  r e s id u e  thermo­
couple  read ing  would cause a co r respond ing  9 per  c e n t  e r r o r  in the 
e v a p o ra t io n  r a t e  c a l c u l a t e d  from the Langmuir Eq. (2- 6 ).
3 . Analvs is  of  the  Glycerol  Runs
Because o f  i t s  unique p h y s ica l  and chemical p r o p e r t i e s ,  g ly ce ro l  
has produced most i n t e r e s t i n g  r e s u l t s .  Comparison w i th  the  p h t h a l a t e  
and seb aca te  runs d iscussed  above shows t h a t  f i lm  th i c k n e s s e s  fo r  
g ly c e r o l  were about  twice as  l a rg e  under comparable s t i l l  o p e r a t i n g  
c o n d i t i o n s .  Although a h igher  range of  feed r a t e s  was a t t a i n e d  us ing
g ly c e r o l  (because the feed pump ope ra ted  a t  a h ig h e r  v o lu m e t r ic  e f f i ­
c iency  w i th  the  v iscous  l i q u i d )  r a d i a l  v e l o c i t i e s  tended to  be l e s s  
than  h a l f  o f  those  c a l c u l a t e d  fo r  the  p rev ious  m a t e r i a l s ,  t h e r e f o r e  
r e s id e n c e  time e s t im a te s  fo r  g ly c e ro l  were determined to  be roughly  
twice as  g r e a t  (on the o rd e r  of a one second exposure  a c r o s s  the  r o t o r ) .  
I t  i s  i n t e r e s t i n g  to  note  t h a t  t h i s  is  o f  th e  same magnitude as  the 
res id en ce  time fo r  the  l a r g e s t  commercial m olecu la r  s t i l l s  t h a t  a r e  
now in use.  All  of  th ese  d i f f e r e n c e s  a r e  a t t r i b u t e d  to  the  v i sco u s  
n a tu r e  and the  co r respond ing  f l u i d  dynamical behav io r  e x h i b i t e d  by 
g ly c e ro l  dur ing  molecu lar  d i s t i l l a t i o n .
The ev ap o ra t io n  c o e f f i c i e n t  d e te rm in a t io n s  f o r  g ly c e r o l  provided 
the s e v e r e s t  t e s t  of  t h e  mathematical  model.  In the  p a s t  g ly c e ro l  
has been the s u b je c t  o f  s e v e ra l  s t u d i e s  in t h i s  a r e a ;  however, pub­
l i s h e d  v a lu es  of  e v ap o ra t io n  c o e f f i c i e n t  measurements vary  over  a
15tw en ty - fo ld  range, from about .05  as  r ep o r ted  by Heideger  and Boudart
19to  u n i t y  by Hickman and Trevoy. Much o f  the  p rev ious  exper im en ta l  
work on e v a p o ra t io n  c o e f f i c i e n t  d e te rm in a t io n s  has been the s u b j e c t  
of  c r i t i c i s m  f o r  one or  more of  the fo l low ing  reasons :
(a) Q ues t ionab le  p u r i t y  o f  m a t e r i a l
(b) P o s s i b i l i t y  o f  s u r f a c e  con tam ina t ion
(c) Geometr ical i n t e r f e r e n c e  problems
(d) Ina cc u ra te  e v a l u a t i o n  of  s u r f a c e  tem pera tu re
Of the  p o s s i b l e  sources  o f  e r r o r  l i s t e d  above,  the  most d i f f i c u l t  
to  overcome from an exper im en ta l  s t a n d p o in t  has been the  e v a l u a t i o n  
of  the  s u r f a c e  tem pera tu re .  For the reason t h a t  e v a p o ra t io n  is  a 
s u r f a c e  phenomenon invo lv ing  the  most e n e r g e t i c  m o lecu les ,  s te e p  
thermal g r a d i e n t s  can a r i s e  in the s u r f a c e  l a y e r s  o f  an e v a p o ra t in g
Ol
l i q u i d .  Therefo re  un le ss  the su r f a c e  tem pera tu re  is  a c c u r a t e l y  
known, the  exper im en ta l  r a t e  of  e v apora t ion  w i l l  always be l e s s  than 
the t h e o r e t i c a l  va lue  by an amount p r o p o r t i o n a l  t o  th e  degree  o f  s u r f a c e  
c o o l in g .  This can involve  as much as  8 t o  10 per  c en t  o f  the  t o t a l  
e v a p o r a t io n  per  tem pera tu re  degree as  was shown e a r l i e r .  Undoubtedly,  
t h i s  has been a c o n t r i b u t i n g  f a c t o r  in many of the  low e v a p o r a t i o n  r a t e s  
r e p o r t e d  in the  l i t e r a t u r e ,  and hence e v apora t ion  c o e f f i c i e n t s  as  w e l l .
When the mathematical  model developed in t h i s  work was a p p l i e d  
t o  g l y c e r o l ,  i t  was found t h a t  c a l c u l a t e d  va lues  of  the  e v a p o r a t io n  
c o e f f i c i e n t  v a r i e d  from .88  t o  a low of  . 36 , d e s p i t e  th e  f a c t  t h a t  
t em pera tu re  g r a d i e n t s  a c ro s s  the  f i lm  as high as  l l l4 °C /cm  were 
encoun te red .
In view of  th e  f a c t  t h a t  va lues  le s s  than u n i ty  have been Obtained 
h e re ,  whereas th e r e  have been u n i ty  values  r e p o r ted  in t h e  l i t e r a t u r e  
fo r  g l y c e r o l ,  i t  i s  important  to  examine t h i s  r e se a rch  f o r  reasons  why 
th e r e  is  an ap p a ren t  lack  of  agreement between th eo ry  and exper im en t .
(a) P u r i t y  -  While the  a c t u a l  p u r i t y  cannot  be a s s e s s e d  q u a n t i ­
t a t i v e l y ,  the  s t a r t i n g  m a te r i a l  was reagent  grade and the  p r e -p r o c e s s in g  
techn ique  of  r e d i s t i l l i n g  a h e a r t - c u t  was c a r e f u l l y  ex ecu ted .  If  
c o n tam ina t ion  did  occur ,  i t  must have been from a h ig h e r  b o i l i n g  
m a t e r i a l  and t h e r e f o r e  could  not have occurred  from w i th in  the  s t i l l .
The s t i l l  i t s e l f  was c leansed  with  s o lv e n t s  (xylene and a c e t o n e ) ,  and 
th e  d i f f u s i o n  pumps ( the  pumping f l u i d  was d i b u t y l  p h t h a l a t e )  were 
s e p a ra t e d  from the b e l l  j a r  by a co ld  t r a p .  I t  i s  t h e r e f o r e  u n l i k e l y  
t h a t  the  p u r i f i e d  m a t e r i a l  became contaminated.
(b) Vapor p r e s s u re  -  There has been some c o n f l i c t  in  l i t e r a t u r e  
v a lu es  rep o r te d  f o r  the  vapor p re s s u re  of g l y c e r o l .  The d a ta  chosen
15fo r  t h i s  work, ^ however,  was thermodynamically  sound, and. checked 
wel l  w i th  most of  the l a t e s t  p u b l i s h e d ‘v a lu es .
(c) Residue tempera ture  -  This source  o f  e r r o r  has been d i s cu s se d
in s e c t i o n  2 above, a thermocouple read ing  r e g i s t e r i n g  1°C h igher  than the 
a c t u a l  f l u i d  tem pera tu re  (due to  the d i s s i p a t i o n  o f  f l u i d  sh ea r  a s  hea t )  
would cause  the a c t u a l  ev ap o ra t io n  r a t e  t o  be lower by roughly  9 per  
cen t  than  a n t i c i p a t e d .
(d) Hydrodynamical e f f e c t s  on the  r o t o r  -  The photographs in.
Figs. 7 through 10 show the  flow ac ro ss  the  r o to r .  In these  p i c t u r e s  
the r a d i a l  s t r e a k s  a r e  f l u i d  p a r t i c l e  p a t h l i n e s .  As can be seen ,  the  
feed tube ,  which is  d i r e c t e d  t o  the  cone c e n t e r ,  d i sc h a rg e s  the feed  
l i q u i d  in a normal r a t h e r  than t a n g e n t i a l  d i r e c t i o n  w i th  r e s p e c t  to  
the r o t a t i o n a l  p lane .  The e f f e c t  o f  such a feed geometry i s  to  
superimpose an a d d i t i o n a l  r a d i a l  component upon the  c e n t r i f i c a l l y  
genera ted  r a d i a l  v e l o c i t y .  The r e s u l t i n g  f l u i d  motion away from the  
cone c e n t e r  tends  to  produce an uneven f l u i d  s u r f a c e .  This c o n d i t io n  
is  f u r t h e r  a m p l i f i e d  by feed pump i r r e g u l a r i t i e s  and s u r f a c e  t e n s io n  
e f f e c t s  a t  th e  feed d isch a rg e  nozz le ,  which genera te  surges  in t h e  feed 
l i q u i d .  The r a d i a l  s t r e a k s  t h a t  appear  in these  photographs a re  
ev idence  o f  t h i s  phenomena. As a consequence o f  such behav io r  l a r g e r  
tem pera tu re  d i f f e r e n c e s  w i l l  be s e t  up a t  the p o in t s  o f  g r e a t e s t  f i lm  
th ic k n e s s  thus  c r e a t i n g  c o r re sp o n d in g ly  c o o le r  s u r f a c e  tem p era tu re s .
The n e t  r e s u l t  w i l l  be a lower exper im en ta l  r a t e  o f  e v a p o ra t io n ,  thus 
r e f l e c t i n g  an a c t u a l  average  s u r f a c e  tem pera ture  lower than theo ry  
p r e d i c t s .
Of eq u a l  importance is  the  p o s s i b i l i t y  t h a t  the p r e v io u s ly  d e sc r ib e d  
s u r f a c e  i r r e g u l a r i t i e s  might promote dry  reg ions  on the  r o t o r  s u r f a c e .
This  would be e s p e c i a l l y  l i k e l y  near  the  r o to r  p e r ip h e ry  where the 
f i lm  would be t h i n n e s t .  Although th e r e  is  no v i s u a l  p roof  o f  such 
o ccu r ren c es ,  an examinat ion  o f  the  c o n s ta n t  tempera ture  runs in Table I 
s ugges ts  t h a t  a d e g e n e ra t in g  c o n d i t i o n  of  t h i s  n a tu re  d id  e x i s t .  From 
the  data  p re se n ted  i t  can be seen t h a t  both alpha and the  measured 
e v a p o ra t io n  r a t e  d e c re a se  as  t h e  feed r a t e  dec re a se s .  On the o th e r  
hand, however, the  c a l c u l a t e d  mean e v a p o ra t io n  r a t e  remains v i r t u a l l y  
c o n s t a n t .  This l a t t e r  f a c t  i n d i c a t e s  t h a t  the su r f a c e  tempera ture  
remains s u b s t a n t i a l l y  c o n s ta n t  in th e se  runs .  Since  t h e  f i lm  t h i c k ­
nesses  must d ec re a se  as  th e  feed  r a t e  dec rea se s ,  theory  p r e d i c t s  t h a t  
• th e  hea t  t r a n s f e r  and the r e s u l t a n t  e v a p o ra t io n  r a t e  should i n c r e a se  
w i th  a d ec rea s in g  r a t e  o f  feed .  This  l a t t e r  deduct ion  i s  t h e r e f o r e  
in d i r e c t  c o n f l i c t  w i th  e xpe r im en ta l  o b se rv a t io n s  as  Table  IV in d i c a t e s  
The on ly  r easonab le  e x p la n a t io n  fo r  th ese  seemingly anomalous r e s u l t s  
a t  th is ,  t ime i s  t h e  f a c t  t h a t  p o r t i o n s  o f  the  r o to r  s u r f a c e  must 
become dry thus reducing  the  e f f e c t i v e  ev a p o ra t io n  su r f a c e .
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS
As s t a t e d  in Chapter I t h i s  i n v e s t i g a t i o n  was not  intended as
a d e f i n i t i v e  s tudy  o f  the  e n t i r e  realm o f  molecular  d i s t i l l a t i o n ,  but 
*
r a t h e r  as  an i n v e s t i g a t i o n  o f  the  u n d e r ly in g  fundamentals ,  w ith  the 
o b j e c t i v e  o f  developing a q u a l i t a t i v e  unders tand ing  and q u a n t i t a t i v e  
d e s c r i p t i o n  o f  the  very  complex n a tu r e  of  t h i s  f i e l d .
S p e c i f i c a l l y ,  the  p r e s e n t  s tudy  has taken two s te p s  toward t h i s  
goal .  F i r s t ,  i t  has p rov ided  p r e v io u s ly  u n a v a i l a b le  and badly  needed 
exper imenta l  da ta  on the performance o f  the  c e n t r i f u g a l  molecular  
s t i l l ,  under a wide range o f  o p e r a t i n g  c o n d i t i o n s ,  us ing pure m a t e r i a l s  
w ith  a wide range of  p h y s ic a l  and chemical  p r o p e r t i e s .  Secondly, a 
mathemat ical model of  the  t r a n s p o r t  behav io r  of  the f l u i d  in a c e n t r i ­
fugal  molecular  s t i l l  has been developed,  which, d e s p i t e  i t s  l i m i t a t i o n s  
gives  good agreement between p r e d i c t e d  and o b s e r v e d - s t i 11 performance.
Many q u e s t io n s  were r a i s e d  du r ing  the  course  o f  t h i s  work. These 
r e f l e c t  . the  s tag e  o f  development of  the f i e l d ,  and prov ide  p o i n t s - o f -  
d ep a r tu re  fo r  f u r t h e r  r e se a r c h e s  in the  a r e a .  The fo l lowing  p o in t s  
a re  those most worthy of  mention:
(a) The r e s u l t s  of t h i s  w orkshow  t h a t  the e x i s t e n c e  o f  an 
e vapora t ion  c o e f f i c i e n t  l e s s  than u n i t y  i s  p r im a r i l y  a dependent upon 
the  l i q u id  used. Evapora t ion  c o e f f i c i e n t s  fo r  " i d e a l "  l i q u id s  such as 
the p h th a l a t e  and s eb ac a te  e s t e r s  s tu d i e d  were found to  be u n i ty ,  -
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w i th in  the  range o f  exper im en ta l  e r r o r .  S im i la r  e v a lu a t io n s  with  
g ly c e r o l ,  however, have y ie ld e d  e v a p o ra t io n  c o e f f i c i e n t s  which ranged 
from O.36  to  0.89 approx im a te ly .  * _ ■ *
This may be due to  i t s  n o n - id e a l  a s s o c i a t e d  n a tu r e ,  or to  i t s  
unique p h y s ic a l  p r o p e r t i e s .  Var ious reasons  have been suggested  as 
to  why the measured r a t e  o f  e v a p o r a t io n  decreased  with  d ec reas ing  
f i lm  th ic k n e sse s  whi le  s u r f a c e  tem pera tu res  remained c o n s ta n t .  No 
one of  these  can be accep ted  u n i v e r s a l l y .  Based on l im i te d  ev idence ,  
i t  appears  l i k e l y  t h a t  s u r f a c e  i r r e g u l a r i t i e s  on the f lowing f l u i d  and 
s u r f a c e  t e n s io n  e f f e c t s  may be r e s p o n s ib le  f o r  t h i s  ap p a ren t  anomaly.
I t  is  n ecessa ry  t h e r e f o r e  t h a t  f u r t h e r  s tudy  be c a r r i e d  ou t  in t h i s  
a r e a ,  us ing  more r e f in e d  ap p a ra tu s  and methods.
(b) The mathematical  model has been used to  p r e d i c t  f i lm  t h i c k ­
ness and thermal g r a d i e n t s  a c ro ss  the  f i lm  which a r e  c o n s i s t e n t  with 
va lues  p r e v io u s ly  r e p o r te d  in the  l i t e r a t u r e .  I t  does not  account  f o r  
t a n g e n t i a l  a c c e l e r a t i o n  e f f e c t s  and is  based on the  assumption of a 
f u l l y  developed v e l o c i t y  p r o f i l e .  Both of  th e se  f a c t o r s  can lead to  
e r r o r s ,  e s p e c i a l l y  in the  v i c i n i t y  o f  the  v e r t e x .  The C o r io l i s  Number 
developed in the p rev ious  c h a p te r  has been suggested  as  a u s e fu l  
c r i t e r i o n  or c o r r e l a t i n g  dev ice ,  bu t  added d a ta  a r e  needed t o  v e r i f y  
t h i s .  However, the Q o r io l i s  e f f e c t  was small  in many o f  th e se  e x p e r i ­
ments.
In summary, t h e r e f o r e ,  i t  is  recommended t h a t  the p r e s e n t  re sea rch  
be extended to  inc lude  the  fo l lo w in g  items:
(a) A s p e c i f i c a l l y  des igned  and a more p r e c i s e  i n v e s t i g a t i o n  of  
the  f l u i d  dynamics and hea t  t r a n s f e r  e f f e c t s  on the c e n t r i f u g a l  s t i l l  
geometry.
(b) An extended exper imenta l  s tudy  of  e v a p o r a t io n  c o e f f i c i e n t s  
w i th  a d d i t i o n a l  1 iq u id s ,  e s p e c i a l l y  those  e x h i b i t i n g  n o n - id e a l  l iq u id  
phase behav io r .
(c) A t h e o r e t i c a l  and exper im en ta l  s tu d y  o f  th e  s e p a ra t i o n s  
a t t a i n a b l e  w ith  b in a ry  systems.
(d) A thorough i n v e s t i g a t i o n  of  th e  s u r f a c e  s t r u c t u r e  of l i q u i d s  
as  a means of  e v a lu a t in g  the  e v a p o ra t io n  c o e f f i c i e n t .  Spec ia l  emphasis 
should  be placed on a s s o c i a t i o n  e f f e c t s ,  th e  concep t  of a l a b i l e  
t r a n s i t i o n  zone between l i q u id  and vapor ,  the  concept  of  a c t i v e  and 
p a s s iv e  s u r f a c e  s i t e s ,  and f i n a l l y ,  the e f f e c t  o f  m o lecu la r  shape on 
the escap ing  tendency.
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APPENDIX A 
NOMENCLATURE
g r a v i t a t i o n a l  a c c e l e r a t i o n  
g r a v i t a t i o n a l  c o n s ta n t  
p/V
8 / 3 (jAo2) s i n  <p 
CJ; X/k 
c; / 2n
- ( § )  cos <p + ^ 2^ "  4 s i n  <p
mass r a t e  o f  flow 
thermal c o n d u c t i v i t y  
hea t  f lu x  per  u n i t  a rea  
volume r a t e  o f  flow 
tem pera tu re
e v a p o r a t io n  r a t e  per  u n i t  a rea  
ex p e r im en ta l  ev a p o ra t io n  r a t e  per 
r a d i a l  c o o rd in a te  
normal c o o rd in a te  
e v a p o ra t io n  c o e f f i c i e n t  
3^/(^J t2co%o3s i n  <p p) 
f i l m th ick n e ss
mass flow per  un i t  pe r im e te r
X = l a t e n t  h e a t  of  v a p o r i z a t i o n
n v i s c o s i t y
V k inem at ic  v i s c o s i t y
Z = + x s i n  <p, cone r ad iu s
p d e n s i t y  ^
r b£5 , a t r a n s f o rm a t io n  v a r i a b l e
<P = cone v e r t e x  h a l f - a n g l e
( J O  = a n g u la r  speed of  cone,  rpm
AT = Ts -  Tw, f i l m tem pera tu re  drop
S u b s c r ip t s  and S u p e r s c r i p t s
= mean va lue  
s = p e r t a i n s  to  s u r f a c e
w = p e r t a i n s  to  w a l l
o = i n i t i a l  v a lu e
* = normalized ,  d im ens ion less  v a r i a b l e
APPENDIX B 





COMPUTER ANALYSIS OF EXPERIMENTAL RUNS
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T A B L E  V
GLYCEROL
RUN NO. 4 MEAN TEMPERATURE = 91.00 DEG.C.
ALPHA = .8786 MEAN EVAPORATION = .0033179 GM/SOCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 I.000000 1.000000 1.000000 0.000000
1.868289 .647153 .946043 .782454 6.285962
2.445610 .529685 .888851 .686157 5.453473
2.910587 .460992 .829931 .618540 4.889693
3.310894 .412571 .769820 .563565 4.464517
3.667769 .374878 .708722 .515446 4.123272
3.992873 .343608 .646790 .471426 3.830880
4.293430 .316422 .583995 .429870 3.576975
4.574281 .291895 .520387 .389741 3.342414
4.838858 .268977 .455654 .350087 3.134465
5.089701 .246919 .389989 .310316 2.918863
RADIAL FILM MASS LINEAR SUR-FACE
POS’IT ION THICKNESS FLOW RATE VELOCITY TEMPERATUI
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.
1.111100 .010016 .544000 6.392498 91.000000
2.075856 .006482 .514647 5.001842 87.852895
2.717318 .005305 .483535 4.386260 88.271609
3.233953 .004617 .451482 3.954017 88.553627
3.678735 .004132 .418782 3.602592 88.765467
4.075258 .003754 .385544 3.294989 88.937615
4.436481 .003441 .351854 3.013593 89.082411
4.770430 .003169 .317693 2.747949 89.210944
5.082483 .002923 .283090 2.491423 89.326235
5.376456 .002694 .247876 2.237931 89.437738
5.655167 .002473 .212154 1.983695 89.540001
TABLE VI
6 MEAN TEMPERATURE = 49.00 DEG.C.
















































































































































TABLE V I I
GLYCEROL
MEAN TEMPERATURE•= 50.00 DEG.C.



















































































































































RUN NO. 11 MEAN TEMPERATURE = 70.00 DEG.C.
ALPHA = .5910 MEAN EVAPORATION = .0007165 GM/SQCM/SEC
RADIAL FILM MASS LINEAR F ILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .656071 .985691 .804166 1.941065
2.445610 .545531 .971033 .727825 1.646543
2.910587 .483283 .956241 .679805 1.472015
3.310894 .441188 .941373 .644455 1.350733
3.667769 .409893 .926437 .616230 1.260631
3.992873 .385231 .911455 .592554 1.188404
4.293430 .365012 .896459 .572030 1.127146
4.574281 .347946 .881417 .553792 1.077691
4.838858 .333222 .866344 .537294 1.034220
5.089701 .320300 .851247 .522163 .995746
RADIAL FILM MASS . LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
I.111100 .012930 .482000 4.341013 70.000000
2.075856 .008483 .475103 3.490897 69.029467
2.717318 .007054 .468038 3.159498 69.174175
3.233953 .006249 .460908 2.951046 69.260989
3.678735 .005704 .453741 2.797588 69.320063
4.075258 .005300 .446542 2.675065 69.366509
4.436481 .004981 .439321 2.572288 69.403554
4.770430 .004719 .432093 2.483190 69.431605
5.082483 .004499 .424843 2.404018 69.457110
5.376456 .004308 .417578 2.332404 69.479599
5.655167 .004141 .410301 2.266717 69.499449
































13 MEAN TEMPERATURE = 84.00 DEG.C.


















































































































14 MEAN TEMPERATURE = 91.00 DEG.C.


















































































































































RUN NO. 15 MEAN TEMPERATURE = 48.00 DEG.C.
ALPHA = .5699 MEAN EVAPORATION = .0001068 GM/SQCM/SEC
RADIAL FILM MASS LINEAR FI LM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .658800 .998043 .810870 .468759
2.445610 .550180 .996070 .740282 .383149
2.910587 .489578 .994093 .697629 .341708
3.310894 .448976 .992115 .667410 .313566
3.667769 .419079 .990133 .644162 .293116
3.992873 .395746 .988150 .625345 .277027
4.293430 .376802 .986169 .609582 .263526
4.574281 .360974 .984185 .596042 .252747
4.838858 .347459 .982200 .584187 .243471
5.089701 .335721 .980214 .573653 .235369
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .019712 .542000 3.166722 48.000000
2.075856 .012986 .540939 2.567803 47.765620
2.717318 .010845 .539870 2.344270 47.803480
3.233953 .009650 .538798 2.209198 47.826261
3.678735 .008850 .537726 2.113503 47.839293
4.075258 .008261 .536652 2.039882 47.850213
4.436481- .007801 .535577 1.980296 47.858947
4.770430 .007427 .534503 1.930380 47.863803
5.082483 .007115 .533428 1.887500 47.868961
5.376456 .006849 .532352 1.849960 47.873866
5.655167 .006617 .531276 1.816602 47.878339 '
TABLE X I I
GLYCEROL
RUN NO. 16 MEAN TEMPERATURE = 69.00 DEG.C.













































































































































TABLE XI I I
GLYCEROL
MEAN TEMPERATURE = 90.00 DEG.C.



















































































































































RUN NO. 19 MEAN TEMPERATURE = 49.00 DEG.C.
ALPHA = .5795 MEAN EVAPORATION = .0001174 GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .658628 .997264 .810448 .465777
2.445610 .549892 .994505 .739507 .380472
2.910587 .489191 .991741 .696528 .339219
3.310894 .448502 .988974 .666001 .311198
3.667769 .418524 .986204 .642456 .290821
3.992873 .395115 .983431 .623353 .274782
4.293430 .376100 .980661 .607310 .261322
4.574281 .360203 .977887 .593496 .250563
4.838858 .346622 .975112 .581373 .241300
5.089701 .334819 .972335 .570575 .233206
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM)’ \ (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .017820 .426000 2.755204 49.000000
2.075856 .011737 .424834 2.232951 48.767111
2.717318 .009799 .423659 2.037493 48.804830
3.233953 .008717 .422481 1.919077 48.827513
3.678735 .007992 .421303 1.834969 48.840489
4.075258 .007458 . .420122 1.770099 48.851367
4.436481 .007041 .418941 1.717465 48.860072
4.770430 .006702 .417761 1.673265 48.864913
5.082483 .006419 .416580 1.635204 48.870057




MEAN TEMPERATURE = 60.00 DEG.C.
ALPHA = .5410 MEAN EVAPORATION = .0003149 GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) .(DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .657559 .992417 .807820 .968104
2.445610 .548083 .984727 .734651 .808686
2.910587 .486756 .977005 .689611 .721168
3.310894 .445501 .969257 .657119 .662250
3.667769 .414999 .961494 .631679 .618115
3.992873 .391097 .953728 .610737 .582713
4.293430 .371608 .945947 .592893 .554731
4.574281 .355257 .938158 .577310 .530935
4.838858 .341236 .930361 .563447 .510412
5.089701 .329005 .922560 .550933 .492459
RADIAL FILM MASS LINEAR SURFACE




1.Ill 100 .014268 .407000 3.305761 60.000000
2.075856 .009382 .403914 2.670462 59.515947
2.717318 .007820 .400784 2.428583 59.591681
3.233953 .006945 .397641 2.279690 59.634599
3.678735 .006356 .394487 2.172279 59.665594.
4.075258 .005921 .391328 2.088183 59.688634
4.436481 .005580 .388167 2.018952 59.704609
4.770430 .005302 .385000 1.959964 59.719099
5.082483 .005068 .381830 1.908452 59.731586
5.376456 .004868 .378657 1.862623 59.742338
5.655167 .004694 .375482 1.821254 59.751700
TABLE XVI
GLYCEROL
RUN NO. 21 MEAN TEMPERATURE = 70.00 DEG.C.
ALPHA = .4977 MEAN EVAPORATION = .0007171 GM/SOCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .655259 .982037 .802177 1.810883
2.445610 .544146 .963658 .724135 1.531486
2.910587 .481402 .945121 .674525 1.366553
3.310894 .438851 .926492 .637645 . 1.251881
3.667769 .407123 .907782 .607930 1.166503
3.992873 .382043 .889015 .582788 1.09 7926
4.293430 .361416 .870230 .560817 1.039652
4.574281 .343948 .851388 .541141 .992418
4.838858 .328826 .832506 .523211 .950793










































































MEAN TEMPERATURE = 91.00 DEG.C.
ALPHA = .3566 MEAN EVAPORATION = .0032248 GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1 .000000 1.000000 1.000000 0.000000
1.868289 .638403 .908183 .761437 5.409761
2•445610 .513756 .811048 .645508 4.605743
2.910587 .437789 .710814 .557841 4.049886
3.310894 .381388 .608126 .481593 3.614520
3.667769 .334362 .502872 .410050 3.248045
3.992873 .291423 .394589 .339105 2.912393
4.293430 .248193 .281826 .264476 2.582973
4.574281 .196920 .159779 .177380 2.218108
4.838858 .138086 .061650 .092266 1.250579
5.089701 .160547 .107201 .131190 -.681773
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATUI
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.
1.111100 .008465 .330000 4.588373 91.000000
2.075856 .005404 .299700 3.493760 88.292749
2.717318 .004348 .267645 2.961833 88.694704
3.233953 .003705 .234568 2.559583 88.972318
3.678735 .003228 .200681 2.209731 89.187893
4.075258 .002830 .165947 1.881466 89.373269
4.436481 .002466 .130214 1.555942 89.542123
4.770430 .002100 .093002 1.213514 89.707199
5.082483 .001666' .052727 .813888 89.888903
5.376456 .001168 .020344 .423352 90.378093
5.655167 .001359 .035376 .601950 91.340886
TABLE XVI I I
GLYCEROL
MEAN TEMPERATURE = 60.00 DEG.C.

















































































































































T A B L E  X I X
D I - N - B U T Y L  PHTHALATE
RUN NO. 3 3  MEAN TEMPERATURE = 7 0 . 0 0  D E G .C .
ALPHA = . 9 4 8 8  MEAN EVAPORATION = . 0 0 0 1 8 8 2  GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .658155 .995115 .809283 .191554
2.445610 .549098 .990204 .737373 . 147635
2.910587 .488129 .985296 .693507 .131160
3.310894 .447199 .980383 .662138 .120266
3.667769 .417000 .975469 .637786 .112195
3.992873 .393383 .970556 .617900 .105803
4.293430 .374170 .965641 .601094 .100687
.4.574281 .358083 .960724 .586531 .096392
4.838858 .344319 .955806 .573674 .092709
5.089701 .332339 .950887 .562154 .089499
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .005884 .384000 9. 160004 70.000000
2.075856 .003872 .382124 7.413042 69.904222
2.717318 .003231 .380238 6.754341 69.924867
3.233953 .002872 .378353 6.352528 69.932086
3.678735 .002631 .376467 6.065193 69.937976
4.075258 .002453 .374580 5.842124 69.942469
4.436481 .002314 .372693 5.659974 69.944819
4.770430 .002201 .370806 5.506025 69.947278
5.082483 .002107 .368918 5.372635 • 69.949582
5.376456 .002026 .367029 5.254863 69.951654
5.655167 .001955 .365140 5.149334 69.953491
TABLE XX





MEAN TEMPERATURE = 6 8 . 0 0  D E G .C .
EVAPORATION = . 0 0 0 1 5 5 8  GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .658336 .995939 .809730 .165553
2.445610 .549404 .991859 .738194 .125673
2.910587 .488539 .987781 .694672 .111708
3.310894 .447703 .983700 .663631 .102437
3.667769 .417590 .979618 .639593 .095581
3.992873 .394055 .975537 .620012 .090164
4.293430 .374919 .971454 ,603503 .085824
4.574281 .358907 .967369 .589233 .082183
4.838858 .345214 .963284 .576663 .079064
5.089701 .333304 .959199 .565425 .076348
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURI
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .006041 .383000 8.889391 68.000000
2.075856 .003977 .381444 7.198013 67.917223
2.717318 .003319 .379882 6.562103 67.934733
3.233953 .002951 .378320 6.175219 67.941839
3.678735 .002704 .376757 5.899277 67.947088
4.075258 .002522 .375193 5.685594 67.950965
4.436481 .002380 .373630 5.511535 67.952967
4.770430 .002265 .372066 5. 364781. , 67.955057
5.082483 .002168 .370502 5.237926 6 7.95,7013
5.376456 .002085 .368938 5.126183 67.958770
5.655167 .002013 .367373 5.026285 67.960326
T A B L E  XXI
D I - N - B U T Y L  PHTHALATE
RUN NO. 4 7  MEAN TEMPERATURE = 7 0 . 0 0  D E G .C .
ALPHA = . 9 9 2 4  MEAN EVAPORATION = . 0 0 0 1 8 8 5  GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .657687 .992994 .808133 .171075
2.445610 .548311 .985954 .735261 .130190
2.910587 .48 7073 .978916 .690510 .115610
3.310894 .445902 .971874 .658301 .105909
3.667769 .415478 .964829 .633139 .098719
3.992873 .391651 .957786 .612468 .093026
4.293430 .372235 .950741 .594894 .088455
4.574281 .355954 .943693 .579579 .084613
4.838858 .342002 .936643 .565981 .081314
5.089701 .329839 .929593 .553729 .078435
RADIAL FILM ■ MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURI
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.>
1.111100 .005193 .268000 7.242499 70.000000
2.075856 .003416 .266122 5.852905 69.914462
2.717318 .002847 .264235 5.325133 69.932415
3.233953 .002529 .262349 5.001021 69.939799
3.678735 .002316 .260462 4.767748 69.945278
4.075258 .002157 .258574 4.585515 69.949338
4.436481 .002034 .256686 4.435805 69.951440
4.770430 .001933 .254798 4.308523 69.953638
5.082483 .001848 .252909 4.197603 69.955698
5.376456 .001776 .251020 4.099117 69.957552
5.655167 .001713 .249130 4.010386 69.959197
T A B L E  X X I I
D I - N - B U T Y L  PHTHALATE
RUN NO. 51  MEAN TEMPERATURE = 7 2 . 0 0  D E G .C .
ALPHA = • 9 4 1 2  MEAN EVAPORATION = . 0 0 0 2 2 7 0  GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .656660 .988350 .805612 .181057
2.445610 .546579 .976641 .730624 .138412
- 2.910587 .484744 .964939 .683921 .122673
3.310894 .443032 •.953228 .649854 .112208
3.667769 .412104 .941512 .622897 .104421
3.992873 .387798 .929799 .600478 .098229
4.293430 .367923 .'918081 .581191 .093241
4.574281 .351197 .906359 .564190 .089034
4.838858 .336811 .894634 .548928 .085407









































































RUN NO. 59 MEAN TEMPERATURE = 110.00 DEG.C.
ALPHA = .9369 MEAN EVAPORATION = .0015681 GM/SQCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
{DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .648876 .953616 .786625 .939921
2•445610 .533189 .906606 .695264 .772703
2.910587 .466386 .859406 .633099 .678619
3.310894 .419982 .812055 .583994 .613050
3.667769 .384482 .764599 .542194 .562486
3.992873 .355630 .717078 .504989 .520983
4.293430 .331160 .669457 .470847 .486152
4.574281 .309735 .621756 .438839 .455468
4.838858 .290493 .573977 .408334 .427866
5.089701 .272834 .526118 .378871 .402534
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .004519 .331000 11.403289 110.000000
2.075856 .002932 .315647 8.970113 109.530030
,2.717318 .002409 .300086 7.928302 109.611610
3.233953 .002107 .284463 7.219420 109.658310
3.678735 .001898 .268790 6.659458 109.691870
4.075258 .001737 .253082 6.182802 109.717590
4.436481 .001607 .237352 5.758542 109.737460
4.770430 .001496 .221590 5.369212 109.755160
5.082483 .001399 .205801 5.004214 109.770760
5.376456 .001312 .189986 4.656352 109.784760
5.655167 .001233 .174145 4.320378 109.797570
TABLE XXIV
01 { 2 -E T H Y L H E X Y L ) PHTHALATE
RUN NO. 7 7  MEAN TEMPERATURE = 1 2 0 . 0 0  O E G .C .
ALPHA = 1 . 0 0 0 0  MEAN EVAPORATION = . 0 0 0 3 5 0 2  GM/SOCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C.)
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .656922 .989532 .806253 .244154
2.445610 .547026 .979037 .731818 .203835
2.910587 .485344 .968525 .685615 .181135
3.310894 .44.3771 .958010 .652026 . 165679
3.667769 .412974 .947487 .625530 .154292
3.992873 .38879 i .936960 .603558 .145316
4.293430 .369035 .926430 .5.84709 .137971
4.574281 .352426 .915905 .568145 .131699
4.838858 .338153 .905375 .553313 .126430
5.089701 .325677 .894841 .539841 . 121808
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .004899 .333000 10.135377 120.000000
2.075856 .003218 .329514 8.171687 119.879730
2.717318 .002680 .326019 7.417260 119.895860
3.233953 .002378 .322519 6.948970 119.907810
3.678735 .002174 .319017 6.608531 119.914900
4.075258 .002023 .315513 6.339986 119.920940
4.436481 .001904 .312007 6.117288 119.925810
4.770430 .001808 .308501 5.92625-5 119.929770
5.082483 .001726 .304996 5.758368 119.932010
5.376456 .001656 .301490 5.608043 119.934450
5.655167 .001595 .297982 5.471500 119.936830
T A B L E  XXV
0 1 (2-ETHYLHEXYL) SEBACATE
RUN NO. 97  MEAN TEMPERATURE = 1 2 0 . 0 0  D E G .C .
ALPHA = . 9 4 5 7  MEAN EVAPORATION = . 0 0 0 0 8 6 3  GM/SOCM/SEC
RADIAL FILM MASS LINEAR FILM
POSITION THICKNESS FLOW RATE VELOCITY TEMP. DROP
(DMSNLSS) (DMSNLSS) (DMSNLSS) (DMSNLSS) (DEG.C. )
1.000000 1.000000 1.000000 1.000000 0.000000
1.868289 .658655 .997388 .810515 .076900
2.445610 .549940 .994768 .739637 .050776
2.910587 .489258 .992150 .696719 .045122
3.310894 .448586 .989532 .666251 .041385
3.667769 .418624 .986913 .642764 .038629
3.992873 .395231 .984294 .623717 .036475
4.293430 .376229 .981676 .607730 .034701
4.574281 .360346 .979055 .593969 .033271
4.838858 .346779 .976437 .581900 .031989
5.089701 .334989 .973816 .571155 .030937
RADIAL FILM MASS LINEAR SURFACE
POSITION THICKNESS FLOW RATE VELOCITY TEMPERATURE
(CM) (CM) (GMS/SEC) (CM/SEC) (DEG.C.)
1.111100 .004710 .331000 11.146383 120.000000
2.075856 .003102 .330135 9.034320 119.961540
2.717318 .002590 .329268 8.244280 119.972990
3.233953 .002304 .328401 7.765906 119.975220
3.678735 .002113 .327535 7.426293 119.977270
4.075258 .001971 .326668 7.164500 119.978980
4.436481 .001861 .325801 6.952195 119.980380
4.770430 .001772 .324934 6.773991 119.980380
5.082483 .001697 .324067 6.620609 119.981880
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